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ABSTRACT
Performance Enhancement and Characterization of an Electromagnetic Railgun
Paul M. Gilles

Collision with orbital debris poses a serious threat to spacecraft and astronauts. Hypervelocity impacts resulting from collisions mean that objects with a mass less than
1g can cause mission-ending damage to spacecraft. A means of shielding spacecraft
against collisions is necessary. A means of testing candidate shielding methods for
their efficacy in mitigating hypervelocity impacts is therefore also necessary.
Cal Poly’s Electromagnetic Railgun was designed with the goal of creating a laboratory system capable of simulating hypervelocity (≥ 3 km
) impacts. Due to several
s
factors, the system was not previously capable of high-velocity (≥ 1 km
) tests. A
s
deficient projectile design is revised, and a new design is tested. The new projectile
design is demonstrated to enable far greater performance than the previous design,
being verified during testing, and an energy conversion
with a muzzle velocity ≥ 1 km
s
efficiency of 2.7%. A method of improving contact and controlling wear at the projectile/rail interface using silver plating and conductive silver paste is validated. A
mechanism explaining the problem of internal arcing within the railgun barrel is proposed, and design recommendations are made to eliminate arcing on the basis of the
work done during testing. The primary structural members are found to be deficient
for their application and a failure analysis of a failed member, loading analysis of the
railgun barrel, and design of new structures is undertaken and presented.
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Chapter 1
RAILGUN BACKGROUND

1.1

Hypervelocity Impacts and the Need for Mitigation

Hypervelocity impacts are generally classified as collisions where the speed of the
impactor is so great that the relative material strength of the impactor and the
target has a very small effect compared to the inertial stress of impact. For most
metals, this threshold is exceeded around 2 km
.[1] The operation of spacecraft, as well
s
as the safety of astronauts, can be compromised by space debris. Even small particles
can cause critical damage to spacecraft when collisions occur at orbital velocities. In
. In
low Earth orbit, relative closure speeds between two objects can exceed 10 km
s
geosynchronous orbit, relative velocities are lower (2 − 3 km
due to the lower orbital
s
velocity), but there is still the potential for damage, or even or destruction of a
spacecraft due to a collision.
The threat to space missions is reduced by continuous radar tracking of orbital debris
larger than about 4cm across in low orbit, and by standards designed to limit the
contribution of new spacecraft to the debris problem.[2] Still, there remains a need to
protect spacecraft and crew from impacting debris in the event that the debris is too
small to be tracked, and/or spacecraft cannot be maneuvered to avoid a conjunction
and impact. It is still necessary to shield spacecraft from small debris impacts, and
therefore necessary to test shielding designs to determine their effectiveness. Such
a test requires a means of accelerating a projectile to the orbital velocity regime,
at least 3 km
for a geosynchronous orbit scenario. There are two systems that are
s
capable of accelerating a considerably massive particle to the required velocities in

1

a laboratory, and both are gun-type devices. These devices are useful for testing
spacecraft shielding against impacts by particles which are too small to be detected
and avoided (≤ 4cm), and yet are large enough to cause critical damage to spacecraft.
Light gas guns use the high compressibility and speed of sound of a low-atomic-number
gas to generate immense pressures (approximately 300atm) behind a calibrated burst
disk.[3] The gas is compressed by a piston, driven by conventional explosives. This
device, due to the calibrated burst disk, can be made to demonstrate outstanding
repeat-ability. A neutral gas can be used to drive the sabot and projectile, meaning
that the projectile can be of nearly any material composition, an advantage for testing
a wide variety of impacts. However, the extreme pressures involved, as well as the
use of explosives as the primary energy source, present hazards. In addition, the
laboratory footprint of these devices is considerable, with barrel lengths ≥ 10m being
common.[4][3]

1.2

Hypervelocity Research

NASA’s White Sands Test Facility conducts hypervelocity impact research in support
of NASA programs and is the preeminent facility for hypervelocity testing in the
United States.[3] Facilities there include several light gas guns, vacuum chambers,
and instrumentation suites to remotely test component response to hypervelocity
impacts. The remote nature of the site, and the separation of apparatuses from test
operators, allows for the testing of potentially hazardous materials, in addition to
investigation of very energetic collisions (˜2.5kg of TNT). The variety of light gas
guns allows for a wide range of projectiles to be utilized. This facility is utilized
by NASA, the Department of Defense, and commercial customers to impact targets
of interest under a variety of conditions. The operation of light gas guns involves

2

repeated cycling and shock loading of pressure vessels. For this reason, caution must
be used by operators to avoid a hazardous explosion.
Electromagnetic Railguns provide the alternate means of generating hypervelocity
impacts. The University of Texas, Austin has been operating a fleet of railguns for
research purposes since at least 1991.[5] These railguns range in size and application,
but are ultimately useful for basic research involving electromagnetic guns. Numerous
large-caliber ( ˜9cm bore) guns have been fired at UT Austin. Focus at UT Austin
has changed in the past decade from development of basic railgun technology to the
development of highly-dense energy storage and unique power distribution systems
to support weaponized railguns on board naval vessels and mobile army units. Additional focus at UT Austin seems to be on the propulsive potential of railguns in
space.[6] The Naval Postgraduate School in Monterey, California was very active in
railgun research, with the explicit goal of weaponizing the technology, with the ultirange.[7] Much of the
mate goal of launching a large (˜1kg) projectile in the 1 − 2 km
s
published research from the Naval Postgraduate School, however, is also extremely
useful for those who would use the devices for impact testing purposes. Neither
facility is operated primarily for impact testing purposes.
Various international efforts have been made in the field of hypervelocity research.
The PEGASUS railgun was developed for ballistics research by the French Navy.[8]
The Ernst Mach Institute in Fraunhaufer, Germany, houses a two-stage light gas gun
for impact cratering research for planetary science applications.[4] The Kyoto Institute of Technology houses a two-stage light gas gun for impact research.[9] Though
the University Sapienza of Rome published results indicating a successful effort to fire
a railgun had taken place, the results indicated performance unsuitable for debris impact testing, as the final velocity of the projectile was reported as being 650 ms . Based
on reported values, the University Sapienza of Rome system also achieved an energy

3

efficiency ≤ 0.01%, which is indicative of severe problems with the railgun design.[10]
Though gas gun research is being conducted at the university level, California Polytechnic State University, San Luis Obispo (Cal Poly) is unique in conducting railgun
research with the goal of orbital impact simulation at the university level.

1.3

1.3.1

Railgun Theory

Basic Operation

A railgun utilizes the Lorentz force to accelerate a current-carrying armature along
two parallel contact rails. The system, current path, induced magnetic fields, and
resultant force are diagrammed in Figure 1.1. Magnetic fields are induced around the
conducting rails according to the Biot-Savart Law, Eq. 1.1.

dB =

µ0 Idz × r̂
4π r2

4

(1.1)

Figure 1.1: Diagram of a railgun, illustrating the operating principle.[11]

Eq. 1.1 is presented for an ideal (infinitely-thin) wire. B is the magnetic field strength
at point r, µ0 is the permeability constant, dz is the differential along the length of
the wire, and I the constant current.
From Figure 1.1, the current passes through the armature orthogonal to the magnetic
field. This is by design, and results in a force on the armature due to the appearance
of a Lorentz force, according to Eq. 1.2:

F = q(E + vb × B)

(1.2)

where F is the resulting force, q is the charge magnitude, vb is the drift velocity, and
E is the electric field.
Eq. 1.1 is always valid, though in railguns, each parameter varies with the displacement of the armature within the barrel, or with the velocity of the armature. It is
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therefore helpful to express the force on the armature in terms of a single time- or
displacement-varying parameter. Integrating Eq. 1.1 with respect to the length of the
rails, introducing a variable w to represent the spacing of the rails, and substituting
into Eq. 1.2, Maier obtains an expression for the force on a railgun armature due to
a current I as Eq 1.3 [7]:

F =

w
µo I 2
ln(1 + )
2π
r

(1.3)

Eq. 1.3 is for scalar quantities only. There is an important understanding to be
gathered from Eq. 1.3. The current I is the only variable parameter of an ideal
railgun affecting the motive force on the armature for a given geometry. Increasing the
instantaneous current will increase the instantaneous force on the armature. Adverse
forces, such as those arising due to friction or joule heating, are best discussed in
terms of the practical challenges they pose to designers and operators of railguns.

1.3.2

Augmentation

By Eq. 1.2, the motive force on a railgun armature is directly proportional to the
magnitude of the magnetic field present in the railgun barrel. While Eq. 1.1 relates the
magnetic field generated around a conductor to the current carried by the conductor,
a consequence of Ampere’s law (Eq. 1.4) is a multiplication of the intensity of the
multiplication of the intensity of the magnetic field in the core of a solenoid, or coil
(Eq. 1.5).
˛

¨
B · dl = µ

C

J · dS = µIenc
S
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(1.4)

In Eq. 1.4, C is a contour of integration, B is the magnetic field, l is the length of
the contour path, µ is the magnetic permeability, S is a surface of integration, J is
the current density (in two dimensions), and Ienc is the total current enclosed by C.

B = µN l

(1.5)

In Eq. 1.5, B is the scalar magnitude of the magnetic field, µ is the permeability of
the space inside the coil, N is the number of turns in the coil, and l is the scalar path
length of the integration contour inside the coil. For railguns, a valid assumption is
that l is equal to the bore height.
As a consequence of Eq. 1.5, the magnetic field inside the railgun barrel can be
intensified by routing the system current around the bore several times: this creates
a coil with multiple turns. By Eq. 1.5, the number of turns multiplicatively increases
the field magnitude inside the barrel for the same working current. A railgun barrel
designed to leverage this phenomenon is said to be augmented. An augmented railgun
barrel is diagrammed in Figure 1.2.
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Figure 1.2: Diagram of an augmented railgun, illustrating the coiled current path (i) around the bore.[12]

Together with a power supply, a railgun forms an oscillatory circuit. Information
about this class of circuits, as well as a discussion of electrical modeling of a railgun
system, is presented in Section 2.2.1.

1.4

1.4.1

Railgun Engineering Challenges

Sliding Contact

Accelerating solid projectiles using railguns necessitates electrical continuity between
a moving armature and two stationary rails. There are analytic and empirical models
of this interface, and many projectile configurations have been proposed, fabricated,
and tested to address the engineering challenges posed by this sliding contact require8

ment. Post-firing analysis of armatures and rails almost invariably reveals ablation
of one or both components. Over the course of multiple firings, this damage can
compromise the performance of a railgun system by changing the clearance or degree
of interference between the contact rails and projectile, limiting its laboratory utility.
Understanding the effect of this damage on the repeatability of the system is critical
to using a railgun for hypervelocity testing. Practically speaking, a successful railgun
design limits any ablation to the projectile or armature, as material deposition on the
rails is far more practical to mitigate via servicing than rail ablation.

1.4.2

Armature Design

Direct observations of railgun armatures under acceleration are rarely possible. Instrumenting the contact interface is also quite difficult. The precise nature of the
interface between the armature and the rails is therefore not well understood. Work
done specifically to understand the origin of armature and rail erosion analytically
during firing determined that heating of the projectile is mostly due to mechanical
friction.[13] Theoretically, at a certain velocity (approximately 800 ms for aluminum
armatures), the interface between the rails and the armature liquefies, creating a conductive, lubricating film. An important condition for the formation of this film is
the continued exertion of a spring force on the rails by the armature. In the absence
of this pressure, the source of the lubrication (and contact) will be exhausted, and
an open circuit condition will exist between the rails, and the armature will cease
to accelerate. At lower projectile speeds, Joule heating is the dominant source of
heating within the armature-rail system.[14] Significant Joule heating can mean that
even low-speed shots may result in erosion to the armature or rails. Joule heating
can cause formation of a liquid interface even at low speeds.
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Work done to explain the frequently observed deposition of material on the rails
leftover from the armature has included complex simulation of the multiple physical
phenomena governing the rail-armature interface. Considering the micro-scale interface between the armature and rails as contact between a plate and a rough surface,
N. Pratikakis found that the roughness of the contacting surfaces had a much smaller
effect than the choice of materials for the armature and rails, but also that polished
surfaces marginally improved contact area and modeled performance.[15]
The majority of railgun armature designs are monolithic, fabricated from a single piece
of conductive metal. However, attempts at designing armatures which limit wear on
railgun barrels have resulted in several more complex armature designs comprised of
conductive brushes sandwiched between insulating fiberglass plates.[8] An example of
a fiber armature is shown in Figure 1.3.

Figure 1.3: View of an armature designed for the PEGASUS Railgun.[8]

In the case of the armature shown in Figure 1.3, wire brushes are embedded within
a fiberglass slug. Because fiberglass is significantly weaker for a given geometry than
10

most metals, structural effects must be considered for this armature design. In his
study of the Pegasus projectile, B. Reck [8] observed shear-out failures of the conducting brushes within the armature, similar to pull-out type failures common when
fastening composites. Though the complexity of this armature design can pose challenges for armature integrity, the use of this armature configuration also offers several
advantages. It is lighter than a comparable monolithic metal armature, and wear
on the barrel is generally reduced. In addition, a wide variety projectiles shapes,
materials, and masses may be fired from a railgun utilizing one of these armatures.
There are other challenges posed by this armature configuration. Aerodynamic drag
and inertial forces may deflect the brush contacts such that contact with the railgun
barrel is lost. G. Ferrentino and W. Kolkert [16] attempted to develop a model to
understand these factors. The authors in that case combined models for frictional and
Joule heating, but under-predicted the heating of the rail-armature interface. Therefore, while fiber armatures have been known to reduce the severity of barrel wear,
the same factors regarding rail damage and armature erosion must be designed out
of fiber armatures, as these factors are both ill-understood and serious impediments
to successful operation of a railgun. Monolithic armatures, or armatures/projectiles
consisting of a single blank machined from conductive metallic stock, are simpler to
fabricate, and when designed properly, more reliable than fiber armatures. The design of a monolithic armature is discussed further in 2.1. In addition to the simplicity
of design, monolithic armatures are a more attractive option for the Cal Poly Mk.
2 system, as an aluminum slug represents a better analog for orbital debris than a
composite armature.
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1.4.3

Power Supply

Another concern involves managing a railgun power supply without damage. Most
laboratory railguns are powered by discharging high-voltage capacitors. The evolution
of the magnetic field within the railgun and the change of system impedance as the
armature travels down the rails means that a back EMF is produced according to
Lenz’s Law, Eq. 1.6:

E =−

∂Φ
∂t

(1.6)

E is the induced voltage opposite in polarity to the voltage responsible for the magnetic flux, Φ is the magnetic flux, and t is time. T.O. Hands, D.A. Marshall, I.
Griffiths and G. Douglas [17] considered this effect for a typical railgun, and found
that the back EMF (electro-motive force) can be considerable with respect to the
initial capacitor voltage. Their results are shown in Figure 1.4. It is important to
anticipate back EMF when designing a power supply for a railgun, as high-voltage capacitors can be destroyed violently by the induced voltage.[18] Typically a system of
diodes is incorporated to prevent the back EMF from reaching the capacitors, instead
directing it to ground.[19]
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Figure 1.4: Comparison of initial capacitor voltage to the back EMF induced by a typical railgun. Capacitor charge voltage in red, back-EMF
magnitude in black.[17]

The capacitor bank utilized by the Mk. 2 system includes “crowbar” diodes (see
Figure 1.9) that prevent the capacitors from experiencing reverse voltage, and also
alter the characteristics of the discharge current waveform (Subsection 2.2.1).

1.4.4

Arcing

Destructive arcs may appear when operating railguns due to the very high voltages
involved, and the prevention of arc discharges between components is a major practical concern for railgun designers and operators. A common arcing mode is known
as “Transition.” Transition occurs when the interface between the armature and the
rails switches from direct contact to an air gap. As this phenomenon is currently
understood, interface transition results when the liquid-metal interface is removed by
electrodynamic forces within the barrel.[20] The result is that a potential of hundreds
or thousands of volts exists between the armature and the rails. This causes an arc.
The current density of these arcs is considerable, and is sufficient to seriously damage
the rails of the railgun, often resulting in pitting of the rail surface. In addition, the
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arc often short-circuits portions of the railgun barrel, changing the load seen by the
power supply. Preventing the transition to arcing is the goal for a successful armature
design. Despite the frequency of transition observations throughout various railgun
programs, and the importance of avoiding the phenomenon to successful railgun and
armature design, no single model of the transition phenomenon has been successfully
developed.[21] However, evidence of transition usually appears when armature ve, and is accompanied by an abrupt increase in voltage across the
locity exceeds 2 km
s
projectile.
In augmented railguns (Subsection 1.3.2), the augmentation rails can represent a
serious hazard for arcing. A potential exists between the augmentation rails equivalent
to the power supply voltage, which can often be on the order of kilovolts. In addition,
augmentation rails are often spaced as closely as possible to increase the inductance
of the barrel and the magnetic field experienced by the armature. Gaps of less than
a millimeter may exist. This poses a challenge for preventing arcing. An example of
arc damage to a railgun barrel is shown in Figure 1.5.
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Figure 1.5: Arc damage to breech area of Cal Poly Mk. 2 Railgun. Annotations indicate arc terminals. Inset indicates photograph view of barrel.

1.5

Cal Poly’s Railguns

Development of a railgun for orbital debris impact testing has been ongoing at Cal
Poly since 2011. The design intent of the Cal Poly Mk. 2 Railgun was to develop
a system capable of simulating debris impacts in the Geosynchronous Orbit velocity
regime of 2 km
relative velocity or greater. This capability would make Cal Poly the
s
only university capable of testing orbital velocity impacts using a railgun. A railgun
system was chosen for Cal Poly’s debris impact research testing platform on the basis
of space requirements and cost. While a light gas gun offers flexibility in the type
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of projectile fired, as well as potentially higher final velocities, such a gun requires
a barrel length exceeding six meters, compared to a railgun barrel length between
1 and 2 meters.[22] Cal Poly is unable to accommodate a light gas gun of this size.
In addition, for comparable performance, a railgun is far less expensive to construct
than a light gas gun. A light gas gun with similar capabilities to the design intent of
the Cal Poly Mk. 2 railgun would require a precision-bored monolithic steel barrel
several meters in length, costing tens of thousands of dollars.

1.5.1

Previous Work: Mk. 1, Mk. 1.1

Efforts to establish a railgun lab at Cal Poly began in 2011. Work produced at least
two distinct designs, the Mk. 1 railgun, and the Mk. 2 augmented railgun.[23] The
Mk. 1 design was iterated to a slightly different configuration utilizing the same barrel
and power supply.
The Cal Poly Mk. 1 system included a projectile air-injection system. In this system,
the projectile is not loaded into the barrel by hand, but is stored externally and
forced into the breech by compressed gas when firing is initiated. The Cal Poly Mk.
1 design utilized an air-injection system for two reasons. The first was to impart an
initial velocity to the projectile before the current pulse was initiated. The second
was to allow the projectile to act as a switch, completing the railgun circuit upon
contact with the rails. This approach allowed for the system to be designed without
a separate electrical switch, which would be required to handle the entire system
current, a maximum of 80kA. The Mk. 1 ultimately produced a muzzle velocity of
450 ms using a monolithic projectile, near the limit of theoretical performance for the
design.[23] The Mk. 1 barrel is shown in Figure 1.6.
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Figure 1.6: Cal Poly Mk. 1.1 Railgun barrel.[23]

The Mk. 1 suffered from (>50%) projectile mass loss.[23] It was decided that the
excessive mass loss was the result of intermittent contact between the rails and the
projectile, and the phase transition of the interface to a plasma contact. Changes
were made to the projectile design and delivery system, resulting in the device being
re-designated as the Mk. 1.1. The changes involved the removal of the air injec-
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tion system in favor of an interference-fit projectile design. In this new design, the
projectile dimensions were larger than the bore dimensions. The compression force
on the projectile and rails, provided by the barrel supports and clamp bolts, would
enhance electrical contact between the components, and allow electrical contact to
be maintained as material was lost from the projectile due to ablation. [24] [23] The
abandonment of the air-injection system necessitated a change to the pulse initiation switching mechanism, and four remotely-activated Ignitron liquid-mercury spark
switches were added to the Mk. 1.1 power supply.[23]
The new interference-fit projectile was not a success. Instead of enhancing the contact
between the projectile and rails, the clamping force resulted in a static friction so great
that it was not overcome by the Lorentz force upon pulse initiation. The projectile
partially melted and was welded to the rails. This failure mode was deemed to be
indicative of a dead-end design, and led to the design being abandoned in favor of
a clean-sheet design, the Mk. 2.[23] In addition, several experimental approaches to
reducing rail wear were not tested under firing conditions. Aleksey Pavlov tested
several approaches to reducing rail wear under static and simulated conditions, but
due to the Mk. 1.1 failures, the results of the work were not validated under firing
conditions.[24]

1.5.2

Cal Poly Mk. 2 Railgun System

The Mk. 2 Railgun represents the most current iteration of the Cal Poly railgun.
Designed and constructed by a team of students led by J. Maniglia, the Mk. 2 boasts
several improvements over its predecessors.[23] It is larger than the Mk. 1 barrel,
with 44-inches of usable contact rail length. In addition, it is designed to interface
with a capacitor bank donated by the Naval Postgraduate School, which is capable
of delivering a 60kJ pulse, far larger than the Mk. 1 system. In addition, the Mk. 2
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Railgun is an augmented design, using multiple sets of rails to intensify the magnetic
field within the bore. The design goal of the Mk. 2 system is a muzzle velocity of
2 km
for a full-power shot, but previously had produced velocities lower than 250 ms .
s
Several technical challenges must be overcome to meet the design goal. An additional
design goal involved repeated firings without barrel servicing. This was met, but
not in conjunction with the primary goal of a muzzle velocity of 2 km
. The major
s
components of the Cal Poly Railgun System are the Mk. 2 Railgun Barrel, a capacitor
bank, and a high-voltage power supply. In addition to these major components, a
control rack inside the control room operates many of the accessory circuits on the
capacitor bank.

1.5.3

Mk. 2 Barrel

The Mk. 2 barrel is 48-inches long and augmented by three sets of additional rails,
and has a usable contact length of 44-inches. These rails form a current loop, which
boosts the magnetic field magnitude to greater than 10 Tesla during a full-power
(60kJ capacitor charge) shot. An exploded view of the barrel is shown in Figure 1.7.

Figure 1.7: Cal Poly Mk. 2 Railgun, Top Exploded View. Barrel supports
are not shown.[23]

The barrel is built up around two identical Teflon bore spacers. These components
set the width of the bore, nominally 0.7in. The contact rails and augmentation rails
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are connected electrically and structurally by round copper bars, fastened to the rails
with 14 − 20 flathead screws. Rails numbered 1 and 5 feature extension tabs that serve
as contacts for the capacitor bank busbar terminals. The barrel supports are bolted
together from the outside of this assembly, and exert a clamping force on the rails.
Acrylic side spacers help to locate the barrel assembly and to distribute the clamping
force from the barrel supports.
The contact rails (numbers 4 and 5) feature extensions at their muzzle end with tabs
drilled to accept a shunt bolt. The purpose of this shunt is to provide a slightly resistive path to reference for the discharge energy during a firing when contact between
the rails is broken- either because the projectile has exited the barrel, or because the
projectile has lost contact within the barrel. During testing, this bolt is instrumented
with a voltage probe.

1.5.4

Capacitor Bank

The Mk. 2 Barrel interfaces with a power supply and capacitor bank donated by the
Naval Postgraduate School in 2013. This power system is protected from back EMF
and short circuits by crowbar and discharge diodes. The diodes are arranged so that
there are multiple diodes in series, and a single diode failure (failing closed) will not
cause the capacitors to experience reverse-voltage. The discharge pulse is triggered
remotely using a fiber-optic trigger. This capacitive power supply allows the Mk. 2
to be fired safely without a high risk of damage to sensitive components. A schematic
of the Mk. 2 capacitor bank and switch is shown in Figure 1.8.
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Figure 1.8: Mk. 2 Capacitor Bank Schematic.[23]

The capacitor bank consists of two large capacitors, each with a capacitance of 850µF
and a maximum charge voltage of 9kV , a solenoid-activated discharge resistor bank,
a TG-75 trigger generator, and an ST-300A spark gap switch. The switch is installed
across two large copper plates that form the positive and negative nodes of the capacitor circuit. The system is air-gapped and can only be discharged by a trigger signal
(75kV pulse) delivered by the TG-75. In turn, the TG-75 can only be triggered using
a fiber optic signal. During testing, this is accomplished by closing a very simple
button-type switch across a 9V battery, activating a fiber optic transmitter located
inside the test cell. The battery is disconnected until the firing sequence is initiated
to avoid an inadvertent discharge.
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Control Rack

The capacitor bank control rack is located inside the control room. The rack allows
personnel to remotely operate the discharge resistor solenoid, powers the cooling fans,
and charges the TG-75 trigger generator.

1.5.5

Power Supply

Charging of the capacitors is accomplished by means of the high-voltage power supply. The supply is located inside the control room- it represents the only high-voltage
equipment in the same room as personnel during testing. The supply has two power
inputs, 480V three-phase power, and 120V line power to run the power supply accessory circuits (solenoid knife switch and indicator lights). The circuit schematic is
shown in Figure 1.9.

Figure 1.9: Mk. 2 Power Supply Schematic.[23]
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The power supply contains a transformer that steps up the 3-phase input power
to 11kV . This transformer is energized when the 3-phase plug is engaged and the
breaker is on, even when all accessories are off. Output DC voltage is selected using
a variable transformer, with a control knob located on the outside of the rack. The
variable transformer outputs single-phase AC which is rectified and smoothed by a
diode rectifier and two large capacitors (250 each with a 25kV charge limit, located
inside the supply, which must be safed before servicing the power supply).

1.5.6

Mk. 2 Challenges

Projectile Design

Two projectile designs have been fired from the Cal Poly Mk. 2 railgun. During J.
Maniglia’s work, a three-piece projectile was designed and tested according to the
theories of B. Maier.[23] The three-part design was intended to ensure the impact
of an aluminum projectile, which would not be ablated from the firing process. The
aluminum sabots are intended to sacrificially ablate, while the projectile itself would
impact the target with all of its initial mass and a known energy. The original projectile design and free body diagram are shown in Figure 1.10. A setscrew and reinforcing
bracket are not shown. Ultimately, this design proved not to be feasible. The projectile assembly proved unable to withstand forces acting between the components and
fractured within the barrel.
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Figure 1.10: Free body diagram of the Cal Poly Mk. 2 Projectile.[23]

A reduced-chevron monolithic projectile was designed by J. Maniglia, and later manufactured and tested by T. Mills and M. Teare.[25] Contact was maintained for only
5cm along the length of the barrel, resulting in a muzzle velocity of about 100 ms . Rail
material was also removed via the firing process. The result of this testing on the
contact rails is shown in Figure 1.11.
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Figure 1.11: Aluminum deposition and copper ablation resulting from
previous test of Mk. 2 system.

Figure 1.11 shows damage to contact rails representing excessive wear. Inadequate
projectile contact at the initiation of the current pulse led to high current density
at the contact area, melting the aluminum and copper. Not only are large amounts
of projectile material deposited on the copper rails, but the copper has been ablated
during the firing process. Deposited aluminum from the projectile is easily removedcopper ablated from the rails is not easily replaced. In addition, the ablation of
projectile material meant that contact was lost after 5cm, instead of the 44-inch
(112cm) design contact length.
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Mk. 2 Arcing

An additional challenge faced during previous tests of the Mk. 2 system is the arcing
within the barrel assembly. The arcs experienced in the Mk. 2 previously caused
damage to the barrel supports, necessitating their replacement. Figure 1.5 shows the
result of a severe arc discharge within the bore of the railgun. Additional problem
areas include the insulated augmentation rails. The clearance between the rails is
> 2mm. A full-power test involves discharging the fully charged capacitors, meaning
that a 9kV potential exists between all rails. Various insulation schemes involving
DuPont Kapton™ (Polyamide) film have failed to prevent arcing at potentials as low
as 4kV , with arc discharges occurring at seams in the insulation. Subsequent tests
limited the capacitor voltage to 3kV .[25] The 0.127mm (5 mil) Polyamide tape in use
should be able to insulate against potentials of 45kV .[26]

Rail Wear

In addition to arcing, the practical implications of a sliding electrical contact between
the projectile and must be addressed. Higher velocities correspond to higher frictional
forces between the rails and the projectile, and higher energies result in higher current
flow between the components. Practically, these factors result in material loss by the
contact rails and/or the projectile. Limiting material loss from the contact rails is
critical for a railgun’s longevity. While the projectile is single-use, the contact rails
should be capable of handling multiple firings before servicing or replacement due to
rail material loss or projectile material deposition.
The topic of rail wear has been the focus of extensive work in literature. At Cal
Poly, Aleksey Pavlov [24] investigated several protective coatings for rails, as well as
several candidate conductive lubricants intended to reduce friction between the rails
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and the projectile. Pavlov’s work focused on lubricants which would remain effective
throughout the firing process, from current pulse initiation to projectile exit. On the
basis of silver paste’s poor performance at high current densities, as reported by M.
Smith, Pavlov focused his efforts on a liquid-metal Gallium-Arsenide Eutectic (eInGa)
solution.[27] [24] Pavlov reported wetting issues between the eInGa solution and rails
of a variety of materials, and was unable to investigate interface performance at high
current densities due to the Mk. 1.1 railgun failure. The liquid-metal interface was
not tested on the Mk. 2 system.
While M. Smith reports a decline in performance for silver paste above the threshold
kA
current density of 28.2 cm
2 , Smith did not specify a satisfactory method for measur-

ing the projectile/rail interface contact area used to establish the current density
he reported, and the actual current density is likely higher than the reported value
kA
of 28.2 cm
2 .[28] In addition, both Pavlov and Smith implicitly assume that the ap-

plied lubricant must be effective throughout the projectile’s acceleration within the
barrel.[24] Work by the Army Research Laboratory indicates that at 800 ms , the interface between an aluminum projectile and copper rails liquefies due to frictional
heating alone, and that during powered operation of a railgun melting will occur at
lower velocities due to resistive heating.[13] Because the liquid metal interface both
reduces friction and provides a current path, the ultimate requirement for a conductive lubricant is to provide a current path and reduce friction only during the initial
stages of firing.

1.6

Scope of Work

The primary objective for moving forward with the Mk. 2 system is revision of the
projectile design. New projectiles must be designed and tested, with the objectives
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of approaching muzzle velocity goals (at least 1 km
), as well as repeat firings without
s
extreme damage to the rails. If necessary, the rail insulation strategy should be
revised.
Strategies for improving projectile contact will start with the design of a new monolithic projectile. An interference-fit armature, with a preload to maintain contact
as material is eroded, will be the first step. A conductive lubricant or film will be
investigated to enhance contact, and to prevent rail wear. Work by W. Culpeper [29]
shows promise for dramatically reducing erosion of the rails and armature by coating
the interface with conductive silver paste. This result conflicts with the work of M.
Smith [27], however the reconsideration of the requirements for a conductive lubricant
(provide lubrication and a larger conductive area during the initial phase of discharge
only) mean that silver paste should be investigated as a means of eliminating the
starting problems experienced with the Mk. 1.1 projectile.
Developing a projectile that is geometrically similar to a typical piece of orbital debris
will not be attempted yet. Rather, a focus will be placed on a projectile that is materially similar to a significant percentage of the orbital debris population (Aluminum),
and geometrically suited to act as an armature in the railgun. This integrated projectile/armature approach will simplify the problem of debris impact simulation by
eliminating from consideration the geometry of the impactor. Should the integrated
projectile/armature approach be successful in raising the muzzle velocity, the impactor geometry problem may be addressed in future work. In addition, the Mk. 2
system must be returned to service following a long period of inactivity. Safe and
reliable operation of the entire system must be verified. Operational procedures must
be established, and operational concerns must be identified through testing and addressed.
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Means of assessing the railgun’s operation on a test-by-test basis should be developed. System current and voltage data, as well as projectile velocity data, should be
collected during testing to characterize the railgun’s performance, and to establish a
performance baseline against which improvements might be made. Special attention
should be paid to aspects of the railgun design which in the past proved problematicbarrel arcing and projectile performance.
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Chapter 2
TESTING METHODOLOGY AND PROJECTILE DESIGN

Testing methodology for the Mk. 2 system began with procedures established by
previous researchers [23] [25], which were improved upon in an iterative process.
Methodology here is considered to be the preparation of the system for test, as well as
the actual test procedure and data acquisition. Continual improvements to procedures
and processes meant that by the end of the testing program, the Mk. 2 system became
a well-instrumented experimental project capable of safe and routine operation, and
approached maturity as a hypervelocity research apparatus. This chapter details the
products of these evolving procedures and processes, as they evolved over the course
of the test program towards the goal of reliable operation and data acquisition.

2.1

Projectile Design

The original three-piece Mk. 2 projectile (Figure 1.10) proved unworkable. The
design was prone to fragmentation inside the barrel, and was abandoned after two
disappointing tests resulting in fragmentation and loss of contact.[23]
A new projectile was designed to remedy the issues experienced with the original
three-piece design. The new monolithic AL6061 projectile makes use of the ”reduced
chevron” configuration, essentially a blunt nose with two trailing contact arms. The
new monolithic projectile is shown in Figure 2.1. AL6061 was chosen due to its
stability at elevated temperatures and low cost and better work properties than the
7xxx-series alloys.
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Figure 2.1: Aluminum projectile used for testing.

The projectile has a nominal mass of just over three grams. A small amount of
variability was encountered in the weights of each manufactured article (±0.05g).
Individual article weights are reported pre- and post-testing in Section 3.4.
The reduced chevron concept leverages the same Lorentz force (Eq. 1.2) that propels
the projectile forward to force the contact arms against the rails. This aids in maintaining contact between the projectile and the contact rails for the full duration of
the current pulse. The mechanism is diagrammed in Figure 2.2.
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Figure 2.2: Diagram of projectile contact forces. Resultant forces are those
on projectile material.

The Lorentz force contact mechanism was complemented by a small draft angle designed into the contact arms, providing a small static spring force on the contacts and
providing a positive engagement with the contact rails, which aided contact prior to
the establishment of a magnetic field within the barrel and current flow through the
projectile (starting condition).
An additional measure taken to ensure reliable contact between the projectile and
rails was the application of silver paste to the projectile contact arms prior to firing.
At speeds above 800 ms , the interface between an aluminum projectile and copper
rails becomes molten aluminum due to friction, which increases the wetting between
the projectile and rails, and actually enhances the quality of the contact.[13] At
speeds below 800ms, however, the contact is metal-on-metal, unless high current
densities cause local melting of the projectile aluminum. Theoretically, a large contact
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area between the projectile and rail could be realized by maintaining extremely tight
tolerances on the bore spacing, the straightness of the rails, and the projectile width.
In practice, a metal-on-metal contact in this situation results in a very small contact
area, which in turn causes current density to increase in the contact area. This
increased current density results from an equal amount of current flowing through a
much smaller area. The differential equation relating thermal power transferred to a
material is stated as Eq. 2.1:

J2
dP
=
dV
σ

(2.1)

where P is the thermal power from ohmic heating, J is the current density, and σ
is the conductivity of the material. In the case of the Mk. 2 railgun barrel, the
projectile is aluminum, with σAl = 3.77 × 107 Ωm, and the rails are copper, with
σCu = 5.81 × 107 Ωm. Since aluminum is less conductive than copper, and because
the aluminum projectile has a smaller cross section than the rails, the majority of the
heating occurs in the projectile. In the case of a small contact area approaching a
point (as would be the case without a conductive fluid interface), the aluminum at the
contact area may vaporize from Joule heating. The aluminum vapor, though quite
conductive, is almost immediately evacuated by the Lorentz force. The net result is
that contact between the rails and projectile is lost. By coating the projectile contact
arms in silver paste, stable current flow through the projectile is established at the
initiation of the current pulse, allowing the system of forces shown in Figure 2.2 to
mature and deflect the contact arms enough to establish a relatively large contact
area between the projectile and the rails. The projectile contact arms, coated in
silver paste, are shown in Figure 2.3.
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Figure 2.3: Silver paste coating on projectile contact arms.

2.2

Data Acquisition

The primary data collected from railgun testing fall into two categories: electrical
waveform data and high-speed video data. The electrical data were collected using a
variety of oscilloscopes and probes, and the video data were collected using a highspeed camera.
Both types of data (electrical and video) were collected in order to determine whether
the railgun performed as designed, without arcing. In addition, determinations on
the performance of the projectile- contact quality, mass loss, and projectile integritycan be made using the listed DAQ systems and a scale.
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Oscilloscopes and Probes

A Pico Technology PicoScope 4423 PC Oscilloscope was used to collect the majority
of the electrical data. The 4423 has two channels- problems using a 4-channel Picoscope prompted a switch. The oscilloscope, when used in conjuction with current
and voltage probes, recorded electrical waveforms created during the firing process.
Owing to the short duration and transient nature of the railgun firing process, the
oscilloscope was programmed to record the channel voltages if a single rising-edge
triggering threshold was reached. The most reliable triggering was achieved using a
rising-edge current threshold of 5kA, corresponding to 0.32V on the current input
channel. This threshold avoided false triggering, and reliably caused the oscilloscope
to write both waveforms (shunt voltage and breech current) to its buffer during the
firing sequence.
A Rogowski coil was designed and calibrated by J. Maniglia.[23] This current probe
was used to measure the breech current flow through the negative busbar on the
capacitor bank during firing. The probe, when used in conjunction with an integrator circuit, outputs 1V for every 15, 636A of current in the busbar (capacitor bank
terminal).
Voltage dividers were used to reduce the magnitude of the measured signals to safe
levels, so that an oscilloscope could capture and save the waveforms. The Bertan
HVD-10 dividers were discovered to be inadequate for the purpose of capturing the
1.5kHz signals generated by firing. Consulting the manufacturer’s website revealed
that the products are intended for DC operation only. This is because the voltage
dividers use a ”resistor ladder” design that results in a non-negligible parasitic capacitance, which will tend to smooth the input signal and must be compensated for.
Though 1.5kHz is relatively slow compared to common examples of AC and tran-
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sient signals, equipment intended only for DC signals should not be used for data
acquisition on the railgun. Following this discovery, voltage measurements were instead captured with the Tektronix P6015A High Voltage Probe, which includes a
compensator circuit for the probe’s capacitance. The Tektronix probe can measure
AC voltages up to 20kV at up to 75kHz, and reduces the input voltage to output
voltage by a ratio of 1000V : 1V .[30]

2.2.1

Equivalent Circuits

The following equivalent circuit model provides a framework for analyzing electrical
data traces collected during operation of the Mk. 2 Railgun. The capacitor bank and
railgun barrel are not grounded during operation, and form a resonant circuit. The
various components of the railgun/capacitor bank circuit can be essentially reduced
to a series-RLC circuit of lumped elements, as shown in Figure 2.4.

Figure 2.4: Lumped-element schematic of railgun and capacitor bank system.

The resistor R1 includes all barrel and capacitor bank resistances, and inductor L1
includes all barrel and capacitor bank inductances. The capacitor C1 represents
the two main capacitors in parallel, and has a fixed value of 1660µF , and a variable
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initial charge voltage. The switch represents the spark gap switch across the capacitor
terminal plates.
For some initial capacitor voltage V0 , the current (I(t)) flowing after the switch is
closed is given for the underdamped case is given in Eq. 2.2:

I(t) =

V0 −αt
e sin(ωd t)
ωd L

(2.2)

Eq. 2.2 is stated without a phase shift, which assumes that the switch is closed at
t = 0. Several parameters (ωd , α) are introduced in Eq. 2.2, and can be described in
terms of the lumped element values found in the circuit shown in Figure 2.4. Eq. 2.2
includes two parameters, α and ωd , that are defined in Eq. 2.3 and Eq. 2.4:

R
2L

(2.3)

q
ω02 − α2

(2.4)

α=

ωd =

The parameter ωd is the damped natural frequency, which is the frequency of oscillation in absence of an external source. A second angular frequency, ω0 , appears in
Eq. 2.4. This is the undamped natural frequency, defined in Eq. 2.5:

r
ω0 =

1
LC

(2.5)

These parameters are discussed further in Subsection 3.7.2 as they relate to the observed behavior of the system current. A major difference between the lumpedelement approximation and the real railgun/capacitor bank system is the addition
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of crowbar diodes, which protect the capacitors from reverse voltage. The crowbar
diodes have the effect of reducing the back-EMF experienced by the system, which
means that Eq. 2.2 is not valid for the real system after peak current flow has been
achieved. The system current following the start of diode conduction is given by J.
Maniglia as Eq. 2.6 [23]:

R

I(t) = I0 e− L t

(2.6)

where I0 is the peak current. In addition, the inductance of the barrel changes as
the projectile accelerates and is displaced. This inductance gradient is described by
Maier [7] in Eq. 2.7:

L0 =

w
µ0
ln(1 + )
π
R

(2.7)

where w is the bore distance, and R is essentially the skin depth of the rails. L0
has units of

Henries
.
meter

Modified to form Eq. 1.3, the inductance gradient described

in Eq. 2.7 almost completely describes the force on a projectile for a given current.
Eq. 2.7 describes the inductance gradient for a non-augmented design- however, it
is a convenient generalization. The inductance gradient affects the overall system
inductance according to Eq. 2.8[7]:

L = L0 + L0 x

(2.8)

In Eq. 2.8, L0 is the inductance of the railgun barrel with the projectile in its initial
position, and x represents the projectile’s displacement from its initial position. A
similar equation can be written for the barrel resistance:
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R = R0 + R0 x

(2.9)

In Eq. 2.9, R’ is simply the resistivity of the rail material. Though L and R both
change for a railgun circuit as the projectile is displaced, a decent approximation
of the circuit’s characteristics can be made by examining an equivalent circuit with
constant inductance and resistance. A model considering the variability of the system inductance and resistance was created by J. Maniglia [23], and is discussed in
Subsection 3.8.
In addition to the barrel/capacitor system, The barrel itself can be represented with
lumped elements, as shown in Figure 2.5.

Figure 2.5: Lumped-element schematic of railgun barrel.

The resistances and inductances of the augmentation and contact rails are in series
with the projectile and shunt resistances, which are in parallel with each other. The
resistance of the contact rail lengths between the projectile and the shunt are not
shown. The location of the shunt voltage probe is shown here, and the measurement
relation to an external reference is shown as well. The current measurement is accomplished with the Rogowski coil as described in Section 2.2, and the placement of
the coil allows for the measurement of the system current, which corresponds to the
current I(t) flowing in the equivalent circuit (Figure 2.4) once the switch is closed.
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Camera

A Phantom v310 High-Speed Camera was used to film four of the tests. On loan from
the Cal Poly Mechanical Engineering department, the camera is capable of capturing
2.9 seconds of video at 7,000 frames per second at full resolution, with higher frame
rates being possible if certain pixels are not written to the memory buffer (resolution
is reduced). The camera is capable of a minimum exposure time of 1µs. A lens with
zoom, focal length adjustment, aperture adjustment, and manual focus was used.
Frame rates and corresponding fields-of-view for the camera setup are reported in
Table 2.1.
Due to the extreme light conditions created by the spark-gap switch activation and
barrel arcing, a blackout curtain was used to shield the camera’s sensor from the
switch. The placement of the camera and curtain were checked relative to the switch
prior to pixel deactivation, to ensure full occlusion of the switch from the camera’s
entire field of view.
Despite the concerns about camera sensor damage described above, a problem encountered during the first use of the high speed camera was severely underexposed
video. To rectify the issue floodlights were set up to illuminate the projectile flight
path were used for subsequent tests, and the camera lens aperture was set to balance ambient lighting, the floodlights, and the anticipated muzzle blast. A typical
exposure is shown in Figure 2.6. Though the ultimate intensity of the muzzle blast
lighting effect is unknown prior to the test, it nevertheless must be accounted for
as best as possible. Figure 2.6 also illustrates the dim lighting level resulting from
appropriately conservative aperture settings.
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Figure 2.6: Comparison of two frames of high-speed video. The firing
sequence has not begun in the top frame. The bottom frame represents
peak lighting levels due to the muzzle blast. Floodlights are in use. Scale
on backboard is 1in per rule.

The firing of the railgun poses an EMP hazard to electronic devices placed close to
the barrel during firing due to the intense magnetic fields present within the bore.
By design, however, the field exterior to the bore is relatively weak, and typical
integrated circuits will experience negligible effects if placed more than 0.5m away
from the railgun barrel.[23] The camera is placed in a plywood box with a viewing
window to shield the camera and lens from dust and debris kicked up during firing.
Table 2.1: Camera Setup Parameters
f rames
second

Test Date

Frame Rate

6/13/19

7000

30

6/17/19

15005

33

6/20/19

21005

35
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Field of View Width (inches)

2.3

Test Cell and Control Room Setup

All testing was carried out on the Cal Poly Aerospace Propulsion Lab. The lab
facilities include two enclosed yards accessible via roll-up door, a test cell, and a
control room. The railgun system requires use of the test cell and control room
during test operations, and the south yard for barrel servicing.
The preparation for a test involves configuring the control room and test cell to
facilitate safe and reliable operation of the railgun system. The purpose of the control
room is to separate personnel from potentially dangerous conditions created during
operation of the railgun and peripheral systems inside the test cell. The control room
is an enclosed room with cinder block walls and wire-reinforced viewing windows
facing the test cell. A single door accesses the test cell from the control room- this door
must be closed during all stages of testing involving high-voltage. All connectivity
between the test cell and the control room during railgun testing is accomplished
using two wall feed-throughs. One feed-through contains SHV cables, a 6-pin Molex
cable, and three BNC coax cables. The second feed-through accommodates a 25-pin
parallel (often referred to as ”serial”) cable. A schematic of the test cell and control
room setup, along with railgun system and DAQ system connections, is shown in
Figure 2.7.

42

Figure 2.7: Schematic layout of test cell for railgun testing- control room
at upper left.

The high-voltage power supply, control rack, and firing button are located inside the
control room. The oscilloscope probes reduce waveform voltage to safe levels (≤ 20V )
before it is fed through the control room wall to the oscilloscope. The camera is
controlled remotely via Ethernet, carried by the serial cable. The only high-voltage
lines are the SHV cables connecting the high-voltage supply and the capacitor bank.

2.4

Barrel and Rail Preparation

The ultimate goal for the Mk. 2 system is for multiple firings to be possible without
deconstructing the barrel for servicing. The frequency of internal arcing during the
testing campaign prevented sequential tests from taking place without disassembling
the barrel between tests. During barrel servicing, arc damage is inspected, photographed, and removed. Destroyed insulation is also replaced. Finally, the contact
rail surface is inspected and cleaned. The process is detailed below.
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The contact rails are first mildly abraded using 1500-grit sandpaper. The wet-sanding
process removes any ablated projectile remnants and oxidation. The wet-sanding
also prepares the contact surfaces for the application of Cool-Amp Silver Powder.
The powder is rubbed onto the damp rails, and plates the contact surfaces with a
40 − 70µ thick layer of silver.[31] According to the manufacturer, this “electroless” (as
branded by the manufacturer) plating process provides a softer contact surface that
is resistant to oxidation, and a slightly lower contact resistance over unplated copper.
This plating layer works in conjunction with the silver paste described in Section 2.1
to reduce mechanical friction between the rails and projectile, and to increase the
contact area and wetting (following the formation of molten aluminum) between the
components. The rails are shown in Figure 2.8 post treatment.

Figure 2.8: Contact rails following application of electroless silver plating
powder.

44

Assembly of the barrel proceeds sequentially, from the inside outwards. The assembly process involves applying self-adhesive Kapton film between all areas of contact,
with the exception of the rail-to-bar interfaces, which receive liberal applications of
conductive silver paste lubricant to reduce current density. Kapton tape is applied
along the entire length of each rail, around the entire circumference of each bar, and
at the closeout region of each rail to a minimum thickness of 10 mils. A photograph
of the barrel at an intermediate assembly stage is shown in Figure 2.11. A detailed
description of the insulation application process can be found in Appendix C.

Figure 2.9: Detail of rail closeout region, bar insulation, and bar contact
area. Inset shows relative location on assembled barrel.

The breech and muzzle areas require special attention during assembly due to their
complex geometry. The importance of effectively insulating these areas is shown in
Figure 2.10. The large number of corners, as well as the proximity of the rail closeout
regions, mean that these areas are especially prone to arcing. Edges and vertices
result in voltage concentrations that are locally much higher than the system voltage,
and can cause arcs capable of spanning relatively large distances. All edges and
vertices in this region must be separated by insulation, as the air gap in this space
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is not adequate to prevent arcing. The shunt bolt is also installed at this time, with
silver paste at all contact areas.

Figure 2.10: Arc damage (left) and insulation strategy (right) in muzzle
area. Arc terminals indicated by red arrows.

Barrel assembly concludes with the installation of the side spacers and the barrel
supports. The built-up barrel assembly, consisting of the rail system and bore spacers,
is difficult to handle and fit to the remaining components. A strategy employed to
great convenience was to install the bolts at each corner first, making sure that the
insulation was neatly tucked underneath the side spacers. With the corners pinned,
more bolts can be added, working towards the center of the barrel. This stage of
assembly is shown in Figure 2.11.
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Figure 2.11: Barrel in intermediate assembly stage. Core assembly at the
bottom. Side spacers and support have been pinned in place by corner
bolts.

Care must be taken to not disturb the insulation pattern during all stages of assembly.
Insulation can be shifted or torn during assembly. The tight vertical fit of the rail
system between the side spacers can also be problematic when insulation is introduced
in those areas- this region is discussed further in Section 3.2.
During testing, the Mk. 2 barrel is fastened to a wooden test bench, which also
contains a ruler board (see Subsection 2.2), and a backstop. The barrel terminals
treated with silver paste, and are located to the busbar terminal outputs on the
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capacitor bank. A spacer block is inserted, and the busbars are clamped tightly over
the terminals. This configuration is depicted in Figure 2.12.

Figure 2.12: Barrel terminal area in testing configuration. Evidence of arc
damage between the barrel terminals and clamp bolt.
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Chapter 3
RESULTS OF TESTING

3.1

Summary of Test Campaign

A testing campaign was undertaken with several objectives. First, a system inventory
and exploratory tests were undertaken. This phase included tests to verify the safe
and reliable operation of the system in absence of a projectile. Following several
discharges of the system into a dummy load and the unloaded Mk. 2 barrel, a second
phase of projectile testing began. The objectives of this phase were to characterize
the performance of a new projectile design with the goal of surpassing the outcomes
of the original Mk. 2 test campaign, and identifying and rectifying issues with the
Mk. 2 system that should present themselves during operation. The test program
is summarized in Table 3.1. In Table 3.1, boxed entries indicate successful data
acquisition, and asterisks indicate data acquired with unsuitable probes as discussed
in Subsection 2.2.
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Table 3.1: Test Dates, Parameters, and Data Acquired.
Test Date

Test Type

Charge (V)

Breech Voltage

Shunt Voltage

Breech Current

High-Speed Video

2/13/19

Dummy Load

3kV

Yes*

Yes*

Yes

No

2/22/19

Dummy Load

3kV

No

No

No

No

2/25/19

Barrel Dry Fire

3kV

No

No

No

No

3/1/19

Barrel Dry Fire

3kV

Yes*

Yes*

Yes

No

4/25/19

Barrel Dry Fire

3kV

Yes*

Yes*

Yes

No

4/30/19

Barrel Dry Fire

3kV

Yes*

Yes*

Yes

No

5/2/19

Projectile

5kV

No

No

No

No

5/9/19

Projectile

5kV

No

No

No

No

6/4/19

Projectile

6kV

No

No

No

Underexposed

6/12/19

Projectile

5kV

No

Yes

Yes

No

6/13/19

Projectile

6kV

No

Yes

Yes

Yes

6/14/19

Projectile

8kV

No

Yes

Yes

No

6/17/19

Projectile

6kV

No

Yes

Yes

Yes

6/20/19

Projectile

8kV

No

Yes

Yes

Yes

The outcomes of each test went beyond the collection of data. Even tests that yielded
no electrical or video data provided useful insights into aspects of the system which
required attention and revision. Ultimately, the test program culminated in several
tests that both showcased the increased maturity of the railgun system and generated
recorded data that was invaluable to characterizing and improving the system.

3.2

Arcing and Insulation

The greatest practical challenge faced during testing was the tendency of the barrel to
arc internally. The persistent failure of the internal insulation represents the largest
obstacle to making firings of the Mk. 2 system relatively routine. The insulation
should prevent electrical contact between adjacent rails. The use of Kapton insulation was evaluated as a result of the continued failures. A trade study was conducted
between several insulating materials. ”Conformability” of the materials was consid-
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ered due to the geometry of the barrel. The Dielectric strengths of the materials were
compared. The trade study is presented in Table 3.2. Kapton tape is preferable for
its dielectric performance alone. It also is preferable due to its lower cost than PTFE.
Table 3.2: Insulation Trade Study
Material

Dielectric Strength, M V /m

Conformability (0-5)

Cost

PTFE (Tape)

0.07

5

$ 138, 2” x 36 yd roll

Polyamide (Tape)

61

4

$ 87, 2” x 36 yd roll

Mica (Tape)

1

2

$ 16, 2” x 36 yd roll

Throughout the testing campaign, several strategies were employed to eliminate this
tendency towards arcing. These generally involved increasing insulation thickness
and the number of insulation film layers around bends and in areas previously noted
to be problematic. These problem areas were confined to the breech and muzzle
during the first eleven tests. The

1
4

− 20 flathead screws fastening the rails to the

bars proved to be an early source of trouble, and were filed to remove sharp edges.
The complex geometry of the muzzle and breech areas made applying insulation a
painstaking process, and many early tests resulted in arcs in these areas. An arc in
progress is shown in Figure 3.1. The aftermath is shown in Figure 3.2.
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Figure 3.1: Breech and muzzle arcs in progress during firing.

Figure 3.2: Aftermath of breech arc. Arc resulted from inadequate insulation of busbar contact.
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Following several tests, an insulation pattern that should have prevented all modes of
arcing was found. This pattern is described in the barrel servicing section, Section 2.4.
Despite careful inspection of the insulation during application and prior to assembly,
internal arcs continued to be observed during testing. Unlike the earlier arcs, which
were caused by the complex geometry of the muzzle and breech and the difficulties of
effectively insulating these areas, these subsequent arcs occurred towards the middle of
the barrel where the geometry is less complex. The likelihood of an insulation failure
in this region was initially considered very low. Pinching and/or tearing during the
assembly process was considered the most probable cause of the insulation failures in
this area. This damage would not have been noticed prior to failure, as the insulation
is not inspected after barrel assembly is completed and the area is hidden from view.
A possible cause of insulation pinching and tearing was identified in the design of
the barrel assembly. A horizontal clearance between the side spacers and the bore
spacers exists by design to allow space for insulation. There is no vertical clearance
between the rails and the side spacers, however, leading to a pinch point along the
entire length of the barrel. These features are detailed in Figure 3.3. An internal
view is shown in Figure 3.4.
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Figure 3.3: Areas of Mk. 2 Barrel prone to insulation pinching. Engineered clearances are indicated with green arrows left of centerline, pinch
points are indicated with red arrows right of centerline.

Figure 3.4: Areas of Mk. 2 Barrel prone to insulation pinching. Pinch
point is indicated with red arrow.
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3.2.1

Proposed Design Changes

Due to the persistent arcs, even after multiple attempts to revise the barrel insulation
strategy, it is necessary for the rail profiles to be altered. The alterations accomplish
two objectives: (1) there should be no pinch areas where insulation thickness could be
reduced during assembly and (2) the fastener locations should be accessible throughout assembly to minimize the possibility of insulation being pinched or punctured
during assembly.
The alterations are shown in Figures 3.5 and 3.6. Comparison to Figure 3.4 illustrates
the measures taken to eliminate insulation pinch areas. Drawings reflecting suggested
changes to each rail profile can be found in Appendix D.

Figure 3.5: View of muzzle area with rail alterations.
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Figure 3.6: View of breech area with rail alterations.

The planform area of all rails has been reduced, and all edges are radiused. There is
a minimum of 0.08in clearance between the rails and the side spacers, allowing for a
larger insulation bend radius of 0.08in minimum, as compared to an interference-fit
prior. As a bonus, the

1
4

− 20 flathead fasteners are now accessible at all stages of

assembly until support installation.

3.3

Projectile Velocity Measurements

Projectile velocity was directly measured through high-speed photography on three
occasions (a fourth video was so underexposed as to be unusable). The Phantom
v310 camera was aligned such that the field of view encompassed the muzzle of the
railgun barrel and a ruler board with 1-inch increments (Subsection 2.2).
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The high-speed footage from each test was analyzed to obtain the projectile’s average velocity. Determining the velocity from the video footage was accomplished by
identifying the projectile in a ”start” frame by a certain reference point (for example,
the trailing edge), and then identifying the location of that same reference point in a
subsequent frame. An example is shown in Figure 3.7.

Figure 3.7: Comparison of two frames of high-speed video. The trailing
edge of the projectile (circled in red) was chosen as the reference, and
moved three inches between these frames.

The distance traveled by the projectile between the chosen frames was established
by comparing the two reference locations against the ruler board. Air resistance was
assumed to be negligible over the 30-inches of the projectile’s trajectory within the
camera’s field of view. This information- the location of the projectile in two chosen
frames- was input into Eq. 3.1 to establish the projectile average velocity, vave :

vave =

distance travelled
· f rame rate
# of f rames
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(3.1)

The number of possible data points is equal to the factorial of the number of frames in
which the projectile appears. As a result, despite the relatively small number of frames
containing the projectile in each video, a large sample of velocities can be assembled
from each video. Since the velocity is assumed to be constant throughout the video,
these measurements form a statistical population. The results of the video analysis
are shown as a boxplot in Figure 3.8, and reported in Table 3.3 with confidence
intervals obtained from t-tests.

Figure 3.8: Boxplot of Velocity Data. Outlier is marked with red ”+”.

Table 3.3: Test Velocities
Test Date

Capacitor Charge (V)

Mean Velocity ( m
)
s

Confidence Interval, α = 0.05 ( m
)
s

6/13/19

6000

521

[505.5 536.82]

6/17/19

5000

610

[583.8, 636.6]

6/20/19

8000

1025

[997.1, 1053.4]
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The outlier appearing during the June 13 test (as shown in Figure 3.8) was considered
in the mean, standard deviation, and standard errors reported in Table 3.3. The
projectile tumbled during the June 13th test, complicating the task of finding a
reference point. In addition, the close grouping of mean velocities for the June 13th
data relative to the other data sets meant that an outlier was reported, though it is
not especially distant from the mean of the June 13th data with respect to the other
data sets. The higher standard deviations and standard errors reported for the two
subsequent tests reflect an increased distance measurement sensitivity due to a wider
camera field of view. The wider field of view proved indispensable especially for the
final 8kV test, as the projectile was occluded by the muzzle blast in several frames.
The energy conversion from stored electrical energy to kinetic energy improved for
the system over the previous three-piece projectile. A maximum efficiency, η, of 2.7%
was attained, compared to a maximum efficiency of 0.05% for the previous three-piece
design.[23] The energy efficiency was calculated according to the ratio of the energy
stored in the capacitors to the kinetic energy carried by the projectile. This ratio is
the subject of Eq. 3.2:

η=

1
mv 2
2
1
CV02
2

(3.2)

In Eq. 3.2, m is projectile exit mass, v is projectile velocity, C is capacitance of the
system (1660µF ), and V0 is the initial charge voltage on the capacitors.

3.4

Projectile Mass Loss and Deformation

The new projectile design (Section 2.1) was evaluated during testing in several respects. The integrity of the projectile was established during testing. While significant
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deformation of the projectile was observed during some tests, no fragmentation occurred, representing an improvement over the original multi-part design. Some degree
of projectile mass loss occurred during each test, and this mass loss is reported here.
Projectiles were weighed before and after the last five tests involving projectiles.
Student’s t-tests were used to establish confidences relating to the differences in means
between the pre-test and post-test weights of each projectile. The measurements and
results are presented in Table 3.4.
Table 3.4: Projectile Weights and δs Resulting from Firing.
Pre-Firing Mean, g

Post-Firing Mean, g

δ, g

Confidence Interval re. δ, α = 0.05, g

6kV , 6/12/19

3.0440

2.8670

0.1770

[0.1738, 0.1802]

6kV , 6/13/19

3.0860

2.8660

0.2200

[0.2148. 0.2252]

8kV , 6/14/19

2.9843

2.765

0.2193

[0.2162, 0.2222]

5kV , 6/17/19

3.1071

2.9683

0.1388

[0.1362, 0.1414]

8kV , 6/20/19

3.0850

2.8445

0.2405

[0.2383, 0.2426]

A change in projectile masses due to firing was measured for all tests with virtual
certainty. Intervals surrounding the actual mass loss of each projectile to a certainty
of α = 0.05 are presented in the last column of Table 3.4. The degree of projectile mass loss is partially a consequence of the peak current during the firing. The
gross mass loss for the monolithic projectile is greater than noted for the previous
design.[23] However, the percentage of mass loss is lower. Experiments by Kothmann
and Stefani [13] showed that below 800 ms , the majority of armature mass loss is due to
sliding friction, not Joule heating. The larger contact area of the monolithic projectile
compared to the old three-piece design therefore provides the most likely explanation
for the difference in mass loss.
A number of the projectiles were observed to deform significantly during testing.
In contrast to the fractures observed by J. Maniglia [23] of the original three-piece
projectile, the bulk of the projectile masses emerged intact following every test. The
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deformation observed was almost certainly due to heating of the projectiles, in some
cases to near the melting point of aluminum. An example of projectile deformation
during testing is detailed in Figure 3.9.

Figure 3.9: Detail of highly-deformed projectile following 8kV test.

According to Eq. 2.1, the greatest heating, and therefore the greatest relative deformation, will occur in regions of the greatest current density. A corollary to Eq. 2.1 is
that the greatest relative deformation due to localized Ohmic heating, in combination
with Lorentz forces as depicted in Figure 2.2, occurs in the regions of highest current
densities. Deformation can also continue after the projectile exits the barrel due to
aerodynamic forces, if the projectile is sufficiently malleable following acceleration.
The deformation pattern shown in Figure 3.9 corresponds to “raindrop” deformation
experienced during ballistic flight between the barrel muzzle and the backstop. Differing modes of deformation due to heating are illustrated in Figure 3.10, and compared
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to an unfired projectile.

Figure 3.10: Illustration of differing degrees of deformation due to firing.
Arrows indicate points of maximum strain for both fired projectiles. Yellow ellipses illustrate deviation from approximate nominal radius, shown
in green. Both fired projectiles underwent 8kV firings.

The differences in deformation between the samples shown in Figure 3.10 can be attributed to random variations in dynamic and aerodynamic loading taking place following the cessation of the current pulse. In each case, the projectiles were materially
weakened due to heating after experiencing peak currents in excess of 250kA.A Highspeed video established the possibility of tumbling for projectiles leaving the barrel
, and centrifugal forces experienced by
with angular rates estimated to exceed 250 rev
s
the trailing arms of the projectiles could approach 20kN . Aerodynamic forces were
not estimated, but would nonetheless contribute to deformation of a partially-molten
projectile.
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3.5

Rail Erosion

The problem of rail erosion mostly refers to the ablation of the rails by the firing
process. While the projectile is expendable and single-use, the rails should last for
multiple shots before reaching the end of their useful life. Testing revealed useful
information about the efficacy of the rail preparation process and the lifespan of the
rails of the Mk. 2 Railgun.
The spacing of the rails (bore spacing) is critical to ensure reliable and safe operation
of the railgun. Essentially, the dimensions of the projectile and the bore must match,
or there is a risk that the projectile will not make contact with both rails, resulting
in arcing inside the barrel, or that the fit will be too tight, and the projectile will be
welded to the rails. Ablation of projectile material and its subsequent deposition on
the rails tends to reduce the bore spacing, while ablation of the rails by the projectile
tends to increase the bore spacing.
The use of ”electroless” silver plating and the silver paste (Subsection 2.4) reduced
the severity of the rail erosion seen between shots through two mechanisms. The
increased area of the initial projectile-rail contact, formed by the meniscus of silver
paste, was likely the reason for improved projectile contact during the firing sequence.
In addition to improving the quality of the sliding contact in the earliest stages of
firing, the silver paste and silver plating reduced the tendency of the ablated aluminum
to bond and diffuse into the copper of the rails. The majority of the projectile
material left on the rails after each shot could be removed by hand, with only mild
wet-sanding required to return the rails to near-new condition, as part of the barrel
servicing process described in Subsection 2.4. An example of the material deposition
following a test is shown in Figure 3.11.
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Figure 3.11: Comparison of contact rail before and after a firing. Projectile
start location is circled.

Rail damage approaching the severity of the damage shown in Figure 1.11 was not
observed during testing. It is likely that multiple firings could have been achieved
without servicing the contact rails, partially as a result of the silver treatments. This
was not attempted as insulation failures necessitated the disassembly of the barrel for
insulation replacement after every test.

3.6

Peripheral System Changes

A variety of issues with peripheral equipment (not the barrel) were identified and fixed
during testing. Due to the procedural design of energetic systems testing, even minor
issues have the potential to scrub a test due either to safety-related issues or practical
concerns. A primary objective of the testing campaign was to expose problems with
the system so that they could be addressed. The capability to conduct tests within
a window of the scheduled time (minutes, not hours or days) is essential if the Mk. 2
system is to mature into an impact research role.
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Over the course of testing, the downtime between tests was reduced to a minimum of
less than a day, and this pace maintained for a maximum of three days. The downtime
included complete disassembly, processing, and reassembly of the barrel, and this
process was the largest contributor to the delay between firings (approximately 5 hours
minimum). Unanticipated delays due to component failures were at first addressed on
an ad-hoc basis, before systemic and procedural changes were introduced to increase
the reliability of the various subsystems.
The primary causes of testing delays were issues encountered with the myriad control
circuits essential to the operation of the railgun system. Very few electrical connections throughout the system are soldered, with the majority fixed by crimp connectors.
The lab space is shared with many other systems and personnel- jostling is frequent.
Best practice is to test the operation of critical systems prior to the scheduled test
in order to identify poor connections. Examples of such systems include the resistor
bank solenoids, fans, and the fiber optic trigger signal transmitter. As a general rule,
all systems controlled remotely from the control room must be checked thoroughly
prior to the initiation of a test, and time budgeted to allow for repairs.
Though the failures of peripheral systems generally do not present a hazard, certain failures can present serious problems if they occur together. In more than one
instance, the trigger signal did not reach the trigger generator, meaning that the capacitors could not be discharged through the barrel. The capacitors therefore had to
be discharged through the resistor bank, which is accomplished via remote operation
of a solenoid. The solenoid was later observed to fail due to a faulty connection.
The solenoid will generally fail-safe, but it is possible for this component to fail-open.
Should both of these failures occur during the course of the same test, the only option would be to wait several hours for the capacitors to discharge through snubber
circuits. The test cell would be closed to all personnel during this time. In order to
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avoid synergistic failures, dress-rehearsal tests must be conducted in order to verify
the faultless operation of all peripheral systems.
In addition, several components were revised or eliminated altogether to reduce the
number of connections, both to reduce the number of issues and to make debugging
more straightforward. Prior to the resumption of testing, the Data Control/Switch
Box (as in Figure 2.7) contained junctions for the trigger circuit, the camera ethernet,
and the breakscreens (not used during testing). The trigger signal originally passed
through three junction boxes prior to electro-optical conversion. These junction boxes
were eliminated following several instances of short/open circuits and bad grounds,
resulting in scrubs of the tests in progress. The new trigger signal generator device
(a 9V battery with a switch) has operated flawlessly.

3.7

3.7.1

Electrical Data, Analysis, and Results

Electrical Data Quality and Processing

Current and voltage data were collected to allow the performance of the railgun to
be characterized as nominal or deficient. Data from several firings were successfully
recorded using the equipment described in Subsection 2.2. Data from the HVD-10
Dividers, found during testing to be inadequate for accurately capturing the voltage
waveforms of interest (Subsection 2.2), is omitted from figures and analysis in this
section. Voltage data was filtered using a moving-average-filter to eliminate a persistent 75V high-frequency (14.9M Hz) oscillation that was deemed to be spurious,
as any parasitic elements inducing a ripple at such a high frequency are outside the
scope of this work.
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3.7.2

Voltage and Current Results

All current and voltage traces from projectile testing can be found in Appendix A
organized by test date. The voltage at the shunt bolt was measured relative to
laboratory reference during several tests. The shunt bolt resistance is in parallel with
the projectile. Over the course of the measurement time spans, a return to 0V was
not recorded except in one case. This is likely due to the floating ground design of
the system, and the measured voltage reflects the difference in potential between the
capacitor cart/barrel system and the laboratory ground. The captured shunt voltage
traces are shown in Figure 3.12.

Figure 3.12: Shunt voltage waveforms for projectile tests.
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The system current was measured via Rogowski Coil and integrator, which transform
the current flux through the reference busbar into an output voltage (Section 2.2).
The system currents for all projectile tests are shown in Figure 3.13.

Figure 3.13: Current waveforms for projectile tests. During the 6/14/19
test, the peak current was not captured due to an incorrect oscilloscope
setting.

Figure 3.13 plots the current data from all projectile tests during the capacitive and
inductive periods of the discharge. The capacitive region, characterized by a rise in
current, occurs prior to peak current, and is described by Eq. 2.2. The inductive
region of the discharge occurs after peak current is achieved, and is described by Eq.
2.6.
The current data shown in Figure 3.13 contain several interesting features. Tests with
similar parameters (charge voltage) produced significantly different current traces.
The tests also exhibit distinctly different initial periods not related to the test pa68

rameters, but are closely grouped. In addition, a transient was recorded in the current
trace of the June 17 test. The original trace for this test was lost, and data had to be
manually recovered. The transient corresponds to a jump discontinuity in the voltage
trace (Figure 3.12). For reasons discussed further in this chapter, this transient is
likely the result of an arc within the railgun barrel.
The shunt voltage measurements taken during testing (shown in Figure 3.12) represent
(approximately) the voltage drop across the projectile and shunt bolt (”V” in Figure
2.5). The shunt voltage and breech current measurements showed a slightly more
complicated response than predicted by the simple RLC circuit shown in Figure 2.4.
Some basic features of the discharges can be identified. An expected ripple due to
the railgun circuit’s oscillatory nature can be observed in Figure 3.12 for all tests. An
unexpected feature, a jump discontinuity, can be identified for three tests: June 12,
June 14, and June 17. Had no arcing been noted during testing, this feature would
have definitively signalled a projectile interface transition (Section 1.4.4).
During transition, the interface between the projectile and the contact rails abruptly
shifts from a low-resistance liquid-film contact to a relatively high-resistance arcing
contact.[21] The physical mechanisms behind this transition are not well-understood.
Several hypotheses have been put forward to explain the process, but all have fallen
short of a comprehensive explanation of the factors possibly influencing the initiation
of a contact transition, and of the nature of the plasma interface between the projectile and rails following the transition event. Transition should be avoided, as the
arcing contact between the projectile and rails can cause greatly increased wear on
the rails.[21] [13] Avoiding transition at high velocities is a criteria for a successful
projectile design.
Since arcing was noted during testing, an analysis of the data was conducted to
determine whether the jump discontinuities and corresponding current inflections
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could be attributed definitively to either arcing alone, or an interface transition in
conjunction with an arc. A useful quantity for analyzing resonant systems such as
the Mk. 2 Railgun is the damping factor, defined for a series RLC circuit in Eq. 3.3
and Eq. 3.4:

R
ζ=
2

ζ=

r

C
L

α
ω0

(3.3)

(3.4)

If ζ ≤ 1, the system is underdamped, and I(t) can be represented by a decaying sine
wave, as in Eq. 2.2. If ζ ≥ 1, the system is overdamped, and the solution is a superposition of two decaying exponential functions. The breech current measurements,
taken to be analogous to I(t) flowing in Figure 2.4 after the switch is closed, show
that the railgun/capacitor circuit is underdamped, with ζ ≤ 1.
All current waveforms show the system to be underdamped (Figure 3.13). The
damped natural frequencies for the system for each test may be approximated from
the data by treating the capacitive discharge region as a quarter damped-sine wave.
The period is then 4 × tI0 , the time at peak current, as recorded on the current traces
(Figure 3.13). Approximate damped natural frequencies for each test are presented
in Table 3.5. The test peak current was not captured for the June 14 test, but the
ωd value is likely closer to the upper bound, based on the similarity of the waveform
to the June 20 test (Figure 3.13).
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Table 3.5: Damped Natural Frequencies, ωd , for each Projectile Test.
Charge Voltage/Test Date

ωd , kHz

6kV, 6/12/19

2.08

6kV, 6/13/19

3.26

8kV, 6/14/19

1.84 - 4.53

5kV, 6/17/19

1.84

8kV, 6/20/19

2.99

The damped frequency, ωd is a convenient quantity, because it allows the interesting
features of the measured breech currents to be understood in terms of changes to
the system resistance and inductance. An arc would cause a sudden (discontinuous)
change in both the system inductance and resistance, as opposed to the gradual
change expected by Eq. 2.7 and a similar change in resistance. A parametric study
of Eq. 2.4 was conducted for a fixed C value of 1660µF (the capacitance of the Mk. 2
capacitor bank), and varying R and L values near the experimentally-obtained values.
A contour plot showing the resulting frequency distribution is shown in Figure 3.14.

71

Figure 3.14: Damped natural frequency for RLC circuit, C = 1660µF ,
R and L parameters varied. Contours are labeled with ωb , kHz. Star
indicates theoretical ωb for the system. Red box indicates approximate
region of performance during testing.

A few conclusions about the general behavior of the simplified (distributed elements
modeled as lumped, as in Figure 2.5) railgun/capacitor bank system follow from
Figure 3.14. The damped natural frequency of the system may increase or decrease
due to any given change in inductance and a constant resistance. However, changes
in resistance only result in changes to ωd opposed to the the sign of the resistance
change: a decrease in resistance produces an increase in ωd , and vice-versa, for a
constant inductance.

72

For all tests except for the June 13 test, an increase in ωd was observed during the
capacitive region of the discharge (see Figure 3.13 and Figure 3.12). In each case, this
current inflection is accompanied by a defined change in shunt voltage. An example
of this behavior is shown in Figure 3.15.

Figure 3.15: Shunt Voltage and Breech Current, 6kV firing, 6/12/19. Annotation indicates abrupt change in ωd .

The behavior may be due to a change in barrel resistance and inductance caused by
an arc. The mechanism by which an arc would effect this change is shown in Figure
3.16.
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Figure 3.16: Lumped schematic of railgun barrel- an arc is represented by
switch, shorting the inductance and resistance of the augmentation rails.

The arc causes a short, which reduces the resistance and inductance of the barrel. Due
to the properties of arcs, a net increase in impedance might actually be seen by the
capacitors. The resistance of arcs is a complex phenomenon which is difficult to model
generally, though various empirical formulas (e.g. the Warrington and Westinghouse
formulas) suggest that an arc of sufficient length to short the augmentation rails
(observed during many tests) could have a resistance on the order of 10−4 Ω, which
could be greater than the resistance of the rail material the arc replaces in the circuit.
Irrespective of the possible resistance changes, the inductance of the barrel is reduced
through this mechanism, resulting in an abrupt rise in ωd and the features noted on
several of the current traces. Evidence of multiple arcs was noted after several tests.
These internal arcs represent the most likely explanation for the large deviations in
ωd from the modeled value occurring not only mid-pulse, but also at the start of
most discharges. An arc, therefore, would explain the system’s excursion from the
”star” nominal ωd value seen in Figure 3.14 to the region outlined in red without a
simultaneous instance of interface transition.
Identifying a transition event from the shunt voltage and breech current discontinuities is possible, but only if other possible mechanisms (arcs) can be ruled out. For
the Mk. 2 system, a transition event would manifest as an abrupt change in shunt
voltage (caused by the change in resistance at the projectile interface, in parallel with
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the shunt) without an associated drop in system inductance, which would indicate
an internal arc. A transition event would also shift the system natural frequency, ωd ,
laterally along the axis of the contour plot in Figure 3.14. A shot accomplished without arcing would exhibit either a lower natural frequency than modeled if transition
were to occur, or would undergo no appreciable change in ωd due to the insensitivity
of the system to resistance changes in the nominal regime.
By this line of reason, none of the tests yielded current and voltage traces definitively
suggestive of an interface transition. Discontinuities in the shunt voltage measurements corresponded to increases in ωb , and are evidence of internal arcing. While
it is possible that an increase in resistance resulting from interface transition could
cause an increase in ωb (Figure 3.14) in the absence of a change in system inductance,
the observed arc damage from all tests means that internal arcing and shorting of
the augmentation rails represents a more plausible explanation for the current and
voltage inflections. In addition, during the inductive discharge portion of all current
data traces, the actual currents decay more rapidly than predicted using experimental
values. The time constant for the inductive discharge (decaying current portion) is
given as Eq. 3.5:

τ=

L
R

(3.5)

The observed decay rate was lower than modeled (See Section 3.8), even when considering the time-varying properties of the system’s inductance (Eq. 2.8) and resistance
(Eq. 2.9). This means that the time constants (τ ) for all discharges (Figure 3.13) were
lower than predicted, meaning that the system resistance and inductance changed to
reduce the time constant. An increase in resistance (interface transition) exclusive
of a change in inductance could cause a decrease in τ , but as discussed above, the
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observed arc damage and resulting shorting of the augmentation rails means that a
decrease in system inductance was observed for all tests.
To positively identify an interface transition event, internal arcing must be eliminated
as a mechanism for changing system inductance and resistance. An expression for the
projectile voltage drop in terms of the measured shunt voltage and system current may
the be obtained from Figure 2.5. An equivalent expression for the projectile voltage
drop including an arc (Figure 3.16) would require knowledge of the arc’s resistance
over time, which could not realistically be obtained.

3.8

Model Validation

A major focus of J. Maniglia’s work on the Mk. 2 Railgun was the development of
a model of the system.[23] The model is written in MATLAB and generates simulated DAQ outputs, as well as performance curves, for a given firing condition. The
MATLAB model incorporates experimentally obtained data on the Mk. 2 Barrel’s
electrical properties, and a regression-based model of the barrel magnetic field intensity obtained from a finite-element program. The program is described in Figure
3.17.
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Figure 3.17: Railgun Simulation Program.

The model was programmed with nominal operation of the railgun barrel in mind,
i.e. no arcs/shorts. Since no live test was successfully conducted without arcing, the
model’s immediate relevance to the test data was ancillary. The primary purpose of
of the model during testing was to aid in interpretation of test data. Post-facto use of
the model helped to quantify deviations in the observed behavior from the behavior
predicted in Subsection 3.7.2.
, or about 1250Hz, using modeled and
The model predicts an ωd of about 8000 rad
s
experimentally-obtained values for system inductance and resistance. This is different
from the value obtained from Eq. 3.3 using the experimentally-obtained L and R
values for the system, which predicts ωd = 1360Hz. The current produced by the
simulation is an approximation of what is encountered during operation. Simulation
parameters mimicking test conditions of the 6kV tests conducted with projectiles
were used to generate an I(t) waveform. This simulated breech current is shown in
comparison to test data collected June 12, 2019 in Figure 3.18
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Figure 3.18: Breech current and shunt voltage data for 6kV test, 6/12/19,
and simulated current waveform.

The modeled current shown in Figure 3.18 differs significantly from the experimentallyobserved current. The model also consistently under-predicts the magnitude of the
shunt voltage measurement. The differences between the modeled and predicted currents are attributable to the arcing experienced during testing. The shunt voltage
discrepancies must be examined with voltage data from nominal firings. The June 12
firing occurred with only a small arc at the muzzle, and so the initial lower-frequency
portion of the current waveform should be considered as roughly nominal. The deviation of the modeled current from this region of the measured waveform highlights the
need for examination of the model’s “Barrel Properties” meta-model (Figure 3.17),
especially the inductance gradient and resistance gradient functions.
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Chapter 4
BARREL STRUCTURE FAILURE AND REDESIGN

4.1

Support Failure

A test on June 20, 2019 resulted in the destruction of one of the barrel supports. The
capacitors were charged to 8kV , and the projectile was inserted 33cm past the breech.
The breech current and voltage at the muzzle/shunt were recorded, and footage of
the muzzle was captured using the digital high-speed camera. Video of the test cell,
focused on the breech, was captured using a handheld cell-phone camera. The failure
is shown in Figure 4.1. In Figure 4.1, combustion products are exiting the barrel from
the breech closeout region, as well as the crack resulting from the structural failure
of the supports. The support failure was unexpected. Previous work by T. Mills
and M. Teare [25], as well as J. Maniglia [23], showed a significant margin of safety
for the design, an these results were assumed to be valid. However, the previous
analyses were conducted assuming an isotropic support material and linear elastic
failure mode, while the supports are actually comprised of an orthotropic material
with a nonlinear fracture failure mode.
A design study of the supports was undertaken in order to produce a barrel support
that would survive normal operations and operation during an arc. The electrodynamic forces acting on the supports were analyzed for nominal and off-nominal
operation. The old supports were analyzed to determine the cause of the failure, and
new supports were designed to prevent a similar failure. The forces obtained from
the loads analysis were used to model the performance of the new structures using
Solidworks FEA. The results of the study showed that the new support design should
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handle the electrodynamic loads imposed during all modes of railgun operation. A
15% margin on loading was assumed during the Solidworks FEA, as while the simulation considered an orthotropic material, the fracture mode was not modeled. The
excess loading therefore served as the design margin, with any violation of the linear
elastic failure criterion indicating a local fracture of the composite material.

Figure 4.1: View of large breech arc in progress. Arrow indicates breech
location in each frame of cell-phone video.
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4.2

Load Analysis

There are currently no means for directly measuring the forces created when firing the
railgun. A model is therefore necessary in order to estimate the forces present during
the firing operation. A 2-D simulation of the Mk. 2 Railgun barrel was completed
using the Finite Element Method Magnetics (FEMM) program. [32] The goal of the
simulation was to estimate the lateral loading of the barrel supports for two cases.
The first case is nominal operation, where there are no internal arcs or shorts. The
unique assumption for this case is that each of the rails carries an equal magnitude
of current (conservation of charge). The second modeled case reflects a failure of
the barrel’s internal insulation. In this case, the unique assumption is that only the
contact rails carry current, i.e. the augmentation rails have been shorted out of the
circuit by an internal arc.

4.2.1

Case 1: Nominal Operation of Augmentation Rails

During normal operation of the railgun, current is delivered from the capacitor bank
and flows through four pairs of rails- three pairs of augmentation rails, and a pair of
contact rails. The rails together form a coil, increasing the intensity of the magnetic
field in the bore, and decreasing the magnitude of the peak current delivered by the
capacitors. In the barrel assembly, the rails are physically quite close (≤ 0.3mm) to
each other, and are insulated by means of Kapton tape.
The same force that accelerates the projectile acts to push the current-carrying rails
apart. As seen in Figure 1.1, the current flowing in the rails is perpendicular to the
magnetic field, forcing the rails apart. Balancing this force, and preventing it from
widening the bore or disassembling the railgun barrel, is the purpose of the barrel
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supports. The magnetic component of this force, defined generally in Eq. 1.2, can
also be stated in terms of the Maxwell Stress Tensor, as stated in [33]:
˛
Tmn · nn ds

Fm =

(4.1)

S

In Eq. 4.1, Fm is the force in the m-direction, Tmn is the n-component of the m-row of
the Maxwell Stress Tensor, and nn is normal to the n-direction of the geometry. The
FEMM program is capable of computing the Maxwell Stress Tensor for given conditions, and of evaluating this integral along a user-defined path in order to determine
the force acting on the area.
Estimation of the magnitude of this force was accomplished by simulating the current
flow through a cross section of the railgun barrel. A current magnitude of 140kA was
chosen as the analysis point. The value of 140kA is a conservative estimate of the
peak current expected during nominal operation of the railgun, and represents a
12% margin over the largest current expected during fully-augmented (non-arcing)
operation.
The geometry for the finite element simulation was simplified from the design of the
Mk. 2 railgun barrel by neglecting the structural tabs running the length of the rails.
The critical dimensions that are modeled faithfully are the bore spacing, the minimum
height of the rails, and the thickness and spacing of each rail. The rails are modeled
as pure copper, and carry the same magnitude of current (140kA). The simulation
domain is air (permeability near 1), and the domain boundary is a structure called
an Improvised Asymptotic Boundary, which approximates an infinitely-large domain.
Since FEMM does not model transients, the problem was set up as an AC simulation
with a frequency of 1.5kHz to reflect the time-varying nature of the magnetic field
created within the barrel. 1.5kHz was chosen as an appropriate AC frequency on
82

the basis that the rising portion of the current waveforms obtained experimentally
are approximated by a quarter sine wave at 1.25kHz (Section 3.7). A frequency
higher than predicted for nominal operation was chosen in order to generate a more
conservative analysis, as due to Lenz’s Law (Eq. 1.6) a higher frequency corresponds
to a greater EMF. The results of the simulation are shown in Figure 4.2.

Figure 4.2: 140kA FEMM Simulation of railgun barrel, flux density plot.
Integration contour is shown in red. All augmentation rails carry current.

The simulation which produced Figure 4.2 calculated an x-direction force of

910kN
.
44in.

From this, the design criterion for the supports should be to handle a running load
of approximately 830 kN
in order to survive nominal operation with no safety factor.
m

4.2.2

Case 2: Insulation Failure

Surviving nominal operation is only one requirement that the supports must meet.
The railgun is an experimental system, and therefore it is desirable that the supports
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should survive any expected off-nominal modes as well. The failure of the insulation
between the rails is one such case. The aftermath of such a failure is depicted in
Figure 4.3.

Figure 4.3: Breech area of Mk. 2 Barrel following insulation failure, leading to structural failure of the support.

The main ramification of an insulation failure, such as the one shown in Figure 4.3,
is that the inductance of the barrel is reduced significantly. One or more sets of
augmentation are shorted rails out of the circuit, and the capacitors deliver charge
much more quickly, resulting in a higher peak current. The peak current magnitude
during the firing resulting in the damage shown in Figure 4.3 was measured to be
226kA. The 8kV charge represented 80% of the maximum charge capacity of the
system.
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Since the repulsive force on the rails ultimately depends on the magnitude of the
current carried in the rails, it is important to consider this failure mode when designing
the supports. Another FEMM simulation was carried out, with assumptions and
inputs similar to the nominal case, with one exception- the augmentation rails were
assigned a current value of 0A, while the contact rails were assigned a value of 300kA,
which approximates the current magnitude present should the insulation fail during
a full-power shot (capacitors charged to 9kV ). The simulation results are presented
in Figure 4.4.

Figure 4.4: FEMM Simulation of insulation failure- middle rails carry
300kA of current. The augmentation rails are shorted.
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The contour levels of Figure 4.2 and Figure 4.4 are similarly defined. The integration
contour for both simulations is the same. According to the FEMM model, the conditions present in the barrel during an insulation failure result in a lower peak loading
than the nominal case, about 285 kN
.
m

4.3

Failure Analysis of T-Structure

One of the two fiberglass barrel supports (T-structures) of the Mk. 2 barrel failed
during a test. The capacitor bank was charged to 8kV , and a peak current of 226kA
was recorded via the Rogowski coil. The failed part is shown in Figure 4.5.

Figure 4.5: Detail of support failure- 6/20/19

Two cracks, each full-thickness, run from the edge of the support near the breech
along the bolt lines and constitute the most obvious material failure. Comparison
to prior photographic evidence allowed for the determination of which cracks were
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new and which had worsened as a result of this test. Relatively small interlaminar
cracks had been noted prior to the test, but were assumed to be superficial results
of either manufacturing or post-processing of the support. In addition to the two
relatively obvious cracks along the bolt line, the part cracked at the 90◦ bend on
both sides of the web. The depth of these cracks is not determined, but is assumed
to extend through multiple lamina. Each T-structure is comprised of two L-sections
permanently bonded together to form a web and flange. The resin holding the two
L-sections failed inside the web joint, extending from the edge of the part to an
undetermined depth. The failure of the T-structure extended for approximately six
inches, through at least three bolt holes spacings (Figure 4.6). Also evident in Figure
4.6 is the crack in the fillet on the 90◦ bend in the section.

Figure 4.6: Detail of cracked T-structure.
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The T-structures, as well as the original L-sections (which also failed during testing)
in use as the barrel supports, are off-the-shelf fiberglass structures. The specific
manufacturing process for these items is not public, but they are likely pultruded,
and use continuous fiber reinforcements along the part’s major axis, and chopped mat
for stiffness in the minor axes. This design and process performs best when a load is
applied tending to bend the part lengthwise (i.e. with a moment present about the
minor axis). This characteristic would allow the parts, as used in the railgun barrel
design, to maintain straightness when subjected to rather large asymmetric forces.
The firing process loads the part in a manner for which it was not designed. The part
geometry and layup confer the maximum strength longitudinally, while the primary
running load shown in Figure 4.7 ultimately creates a bending moment about the
structure’s long axis. This situation is diagrammed in Figure 4.8.

Figure 4.7: Model of running load on T-structure. Area loaded during
firing is indicated by purple arrows.
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Figure 4.8: Model of loading scenario with exaggerated (3:1) deflection.

In order to determine whether the T-structure failed due to manufacturing defects
(i.e. the part did not perform as designed), or whether the structure failed due
to inadequate design, an FEA analysis was performed on a model of the structure.
The program used to complete the analysis was Solidworks Simulation. Boundary
conditions were assigned to reflect the bolts (assumed fixed in space), and the barrel spacers (assumed rigid). The washers were not modeled. A distributed load
of 300kN was modeled as acting in the region of contact between the T-structure
and the outer augmentation rails, representing the repulsive force generated during
a short-circuit firing as discussed in Section 4.2.2. The T-structure was modeled
as Fiberglass-Reinforced Polymer (FRP), using material data taken from McMaster Carr’s datasheet on the product.[34] Values used to define the material include
lengthwise modulus of 2.8 × 106 P SI, with crossways moduli equal to 1 × 106 P SI.
Ultimate tensile strength was given as between 7000P SI and 49000P SI; the lower
value was used. Ultimate compressive strength was given as 14000P SI. Poisson’s
ratios were not supplied- ν = 0.3 was assumed for the in-plane ratio, while ν = 0.05
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was assumed for the out-of-plane ratios. The values assumed for ν are representative
of S-glass fiberglass laminates. The simulation results are shown in Figures 4.9 and
4.10.

Figure 4.9: Results of FEA Simulation of failed T-structure. Colored
areas indicate failure criterion magnitude. Black regions indicate material
failure. Part shown in deflected configuration.

Figure 4.10: Results of FEA Simulation of failed T-structure. Colored
areas indicate failure criterion magnitude. Black regions indicate material
failure. Part shown in deflected configuration.

The results of the simulation, shown in figures 4.9 and 4.10, match the observed
failures closely. Black regions on the figures indicate areas of failed material. These
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areas match closely with the failures photographed in Figure 4.5. Composite failure
is a non-linear phenomena that is not modeled in Solidworks. However, any regions
where the failure criterion is reached, even in a linear simulation, can be considered as
initiation sites for catastrophic failure of the part. This allows an analogy to be drawn
between the failures predicted by the linear simulation and the fractures observed on
the failed T-structure.
The T-structure ultimately failed because of a combination of factors. The primary
contributing factor was the inability of the part to handle the load, even in the most
optimistic case with generous assumptions. Composite structures are notoriously
unforgiving of closely-spaced bolt holes, especially when these holes are located near
a part edge. In the case of the T-structure, the void between the filleted bends of
the L-sections resulted in a far weaker structure than a monolithic layup. Finally,
following the failure of the initial L-shaped support (as described in Maniglia [23]),
the geometry was altered to increase strength insufficiently with respect to the loading
condition experienced in service.

4.4

Design of New Structure

Analysis of the failed T-structure informed the design of a new support structure
for the Mk. 2 railgun barrel. In addition to the factors discussed in Section 4.3,
the bolt spacing, and close proximity of the final bolt holes to the edge of the part
were identified as likely having contributed to the failure of the T-structure. A more
detailed consideration of the material (Fiberglass), and a fresh consideration of the
part geometry in all respects, produced a new design for the railgun support member,
one that should not fail under routine or off-nominal operational conditions. In
summary, the part as designed should be able to handle a 910kN load (not including
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safety factor) distributed along a 44in. length when restrained by a set of bolts torqued
to 70lb · f t, and be designed such that a flat clamping surface exists in the area of
contact between the support and the outermost augmentation rails. In addition, the
new support should not reduce the intensity of the barrel’s magnetic field inside the
bore.
The requirement that the support not reduce the barrel magnetic field strength imposes restrictions on appropriate materials for the support. Conductive materials are
not suitable for this application. This is a result of Lenz’s law of induction, which relates induced electro-motive force in conductors to a change in magnetic flux (Eq.1.6).
Because the magnetic field created by the barrel is time-varying, eddy currents will be
induced in any nearby conductors. The energy required to create these eddy currents
is taken from the barrel magnetic field, lowering the field intensity in the railgun bore.
This effectively eliminates most metals from consideration.
A simulation of Aluminum 6061’s effect on the barrel magnetic field was conducted
to illustrate the adverse effect. Conductive supports cause a reduction in the bore
magnetic field intensity when transient effects are considered, due to the increased
ability of the material to store energy in a local magnetic field. The results of the
simulation are shown in Figure 4.11. Peak magnetic field intensity in the bore region
drops from over 12T to just 3T due to the use of the aluminum supports. Graphitereinforced polymer materials were also ruled out as candidates for similar reasons.
While the conductivity of any carbon fiber component depends drastically on the
specific design of the part, available literature suggests that carbon fiber is generally
unsuitable for applications requiring minimal interactions with electromagnetic fields.
[35]
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Figure 4.11: 140kA FEMM simulation of railgun bore, flux density plot.
All augmentation rails carry current. Simulation includes aluminum barrel
supports.

The material that best meets the requirements for the part is fiberglass. Though
the two previous failed support designs were made out of fiberglass, the material
choice was not a design flaw. A new design of the part was completed and the load
scenario modeled in Solidworks FEA. The web/flange was deleted. In addition, the
part was lengthened by two inches, which increased the amount of material between
the last bolt holes in the series and the edge of the part to approximately two bolt
hole diameters. A new material was selected. Instead of the pultruded fiberglass mat
with longitudinal continuous fibers, fiberglass plain weave was specified. Plain weave
has approximately the same strength in the longitudinal and transverse directions.
Since the part will be subjected to high transverse loads in service, the transverse
reinforcement was considered critical.
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Analysis of the part proceeded using values typical for a wet-layup laminate comprised
of plain weave structural fiberglass and polyester resin. The material was defined in
Solidworks Simulation to have Ex = Ey = 3.8×106 P SI, Ez = 84×103 P SI, νxy = 0.2,
νyz = νxz = 0.05 and F1tu = 74×103 P SI (ultimate tensile load). These representative
values were taken from a Department of Defense handbook of composite material
properties. [36] While the T-structure was analyzed in Section 4.2.2 with a load of
300kN distributed over the 44in. length of the old part (i.e. the situation which led to
the part’s failure), the model of the new structure was subjected to the load expected
during nominal operation, 976kN over a 44in. length. The load was increased by
15% beyond the results of the FEMM simulation to provide an additional margin.
The results of the simulation are shown in Figures 4.12 and 4.13.

Figure 4.12: Results of FEA simulation of redesigned barrel support.
Black areas indicate material failure. (Isometric View)
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Figure 4.13: Results of FEA simulation of redesigned barrel support.
Black areas indicate material failure. (Bottom View)

The modeling of the loading scenario carried out in Solidworks FEA of the revised
part design produced encouraging results. As with the previous (failed) designs, the
highest stresses occur along the bolt lines. However, the factor of safety has increased
to above 1 in most areas. Material failure is still predicted by the model in the
material regions immediately adjacent to the bolt holes. In practice, measures can be
taken to reduce the severity of the stress concentrations around the holes. The use of
washers (not modeled) to distribute the bolt preload would likely eliminate the small
localized regions of failure. In addition, treating the bolt holes with cyanoacrylate
adhesive (super glue) following the drilling operation would toughen the area.

4.5

Conclusion: Barrel Structure Failure and Redesign

The failure of a T-structure during a test prompted an analysis of the failed part
and a re-design of the part. The loading conditions were evaluated for two cases:
(1) the nominal operation of the system, and (2) a representative case of off-nominal
operation. These simulations provided an estimate for the load which caused the
T-structure to fail, as well as a design criterion (maximum load) for the replacement
support. FEA simulation was carried out on a model of the failed part, and results of
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this simulation closely matched the observed failures. Requirements for a replacement
support were identified, and a replacement was designed. This replacement support
design was subjected to simulated conditions modeling its service conditions on the
railgun, and was found to meet the requirements.
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Chapter 5
CONCLUSION

5.1

Conclusions from Work

The performance of the Cal Poly Mk. 2 railgun system was enhanced by means of a
new projectile design. The problem of projectile fragmentation, resulting in a loss of
contact, was overcome. Data were gathered in order to analyze the Mk. 2’s performance, and compared to an extant high-fidelity simulation of the system. The electrical discharge characteristics of the Mk. 2 system were experimentally determined
and found to differ superficially from characteristics expected from static measurements and from the high-fidelity model. A meaningful difference was not found due
to persistent arcing (and the resulting reduction of the system’s inductance), which
prevents direct comparisons between test data, the high fidelity model, and quantities predicted using previously-measured system parameters. Internal arcing was
established to be the most credible explanation for the differences in modeled and
observed performance, based on a consideration of an arc’s effects on the impedance
of the system.
All attempts to insulate the railgun barrel effectively failed. The process of “electrically leak-proofing” the barrel meant that once one problem area was identified and
address, a new problem area would emerge during the next test. The confinement of
internal arcing to the middle region of the barrel, as opposed to the muzzle and breech
regions, represents progress made throughout the test campaign. The possibility of
insulation pinching and tearing during assembly, as well as possible pinch areas in
the barrel design, were identified as a result of the test campaign.
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The capability of the system to achieve high muzzle velocities, despite the persistent
arcing issue, was demonstrated during testing. The new projectile design, rail surface
treatment, and interface coating all likely contributed to the performance improvements. The highest measured projectile energy was over 100 times that achieved with
the previous design. The new projectile design and surface treatments have established a healthy baseline for the system’s performance. The percentage of mass lost
by the projectile has also improved (decreased) drastically from the previous design,
which is suggestive of improved projectile contact.
The capability of the system to operate safely was enhanced during testing. Refinements of the peripheral system eliminated persistent short-circuits and similar issues
that caused serious problems reliably discharging the capacitor bank, and with data
acquisition. Multiple tests were conducted in sequence without the need for the troubleshooting of the peripheral equipment. The need for stronger barrel supports was
demonstrated by a support failure during testing, and new supports were designed to
address the deficiencies leading to failure of the old supports.

5.2

Future Work

The 3g monolithic projectile is 25% heavier than the original three-piece projectile
design. Encouraging results with this projectile should inspire future, lighter versions.
Direct measurement of the projectile current is not possible, but the addition of a
second current transformer at the shunt bolt would allow for indirect measurement
of projectile current, and a better idea of projectile contact throughout the shot, as
the projectile and shunt carry the entire system current between the two elements.
It is critical that the issues with the barrel’s internal insulation be resolved. The
recommendations regarding the rail system should be carried out. Revised drawings
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of the rails, reflecting their suggested reduced profiles, are included in the appendices
(Appendix D). Precision is not critical, however care should be taken to file/round
all edges to further minimize the potential for insulation tears and punctures leading
to arcing. Dry-fire testing should be completed following the reworking of the rails to
verify that the work has had the desired effect. It may be advisable to perform the
changes to the rails, assemble the barrel as if to prepare for a live test, and disassemble
the barrel in order to inspect the insulation for areas of pinching or tearing.
Focus should be given to simplifying and consolidating all peripheral systems beyond
the work done. The distributed nature of the Mk. 2 system has caused problems
ranging from nuisances to continually problematic data acquisition to test-ending
failures, due to serious off-nominal behavior exhibited by otherwise well-engineered
components. The number of junctions, terminal blocks, and connectors should be
reduced to an absolute minimum, as should the distribution of control systems, in
order for the Mk. 2 system to become an impact test apparatus. In addition, the
DAQ trigger systems should be integrated into the trigger circuit, so that there is less
of a chance of critical test data being lost due to a missed trigger.
An effort should be made to characterize the effect of multiple tests on the system
without barrel disassembly and servicing. As the barrel servicing process is the largest
cause of downtime for the system, the capability of attaining multiple firings without
servicing the barrel is essential to operation of the system as a hypervelocity impact
testing system, as opposed to a railgun testing system.
The re-designed barrel support structures should be fabricated in accordance with
the recommendations put forth in this document. Any deviation from the proposed
designs should be made conservatively, without decreasing margin.
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Cal Poly’s motto is ”learn by doing.” A course on the space environment is offered
through the Aerospace Engineering department. While the course is the most comprehensive of its kind and consists of both lecture and laboratory sections, the laboratory
currently focuses on the mechanisms of the generation of space debris, rather than
debris mitigation. When development work is finished, the railgun should be used to
augment the lab section content on space debris hazards. The railgun has the potential to enhance learning outcomes regarding the space environment and best practices
for testing, and to expose students to a breadth of advanced concepts spanning plasma
physics, electricity and magnetism, thermodynamics, solid mechanics, dynamics, and
materials science. Of course, the application of those advanced concepts towards a
single high-performance system is best described as Aerospace Engineering.
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TEST DATA
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Figure A.1: 6/12/19 Test, 6kV
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Figure A.2: 6/13/19 Test, 6kV
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Figure A.3: 6/14/19 Test, 8kV
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Figure A.4: 6/17/19 Test, 5kV
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Figure A.5: 6/20/19 Test, 8kV
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Appendix B
TEST PROCEDURE
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Mk. 2 Capacitor Bank Operational Procedure- Projectile Firing
Before the following setup and execution of test, be sure that all hardware is assembled and to set up any
data acquisition equipment required. In the event of off-nominal behavior, skip to the Discharging
Capacitors section (Section 7) and complete all the steps through Post-Testing before rectifying the
problem. If there is no off-nominal activity, proceed through each of the sections in order. When a step or
steps need to be initialized that will be done on the post-testing documentation and on the procedure hard
copy.

Test Personnel Responsibilities
For any given railgun or capacitor bank operation, there must be at least two members of the EMRG
Team present in order to fill the roles of Firing Director and Safety Officer. These two positions are to be
appointed prior to any setup or testing. Below are the roles of each of the personnel.
I.

Firing Director
The Firing Director (FD) is ultimately in charge of the rail gun firing. More specifically, the FD is
responsible for the setup of the rail gun, including but not limited to the aiming, the wiring, the
capacitor bank and anything else that is necessary for the rail gun to fire. In the event that only
two people are present to fire the railgun, the FD is also responsible for data collection. The FD is
responsible for firing the rail gun, so has final say in who gets to fire the system. The FD is also
the leader of the team during firing, so is able to give any directions necessary for the proper
firing of the rail gun as long as these directions do not impose a safety hazard. As part of this, the
FD can assign new positions as needed. The FD is also the only person who can give orders
during a firing besides safety issues. At any point, the FD can call a cease fire.

II.

Safety Officer
The Safety Officer (SO) is responsible for the safety aspect of the firing. This includes but is not
limited to properly announcing an encountered hazard, ensuring all safety equipment (ear and eye
protection) is worn during the firing, and deciding if the rail gun is safe to be worked on. The SO
is also responsible for stopping any firing if a cease fire is called for. The FD and SO must both
agree for the railgun to be fired for it to be possible to fire. The SO must agree with the FD before
allowing anyone to approach the railgun at any point during a firing. At any point, the SO can call
a cease fire.

III.

Data Recorder
If more than two of the railgun team are at a firing, a third position, Data Recorder (DR) is
available. The DR is responsible for connecting the data recording equipment and recording data
during the firing of the railgun. During the firing the DR runs the computer, cameras and other
systems that record data.
NOTE: If only two people are at a firing, the responsibility of the DR is passed to the FD, who
can then delegate responsibilities to the SO as needed. At any point, the DR can call a cease fire.

IV.

Operations Overseer
1

113

Like the DR, the Operations Overseer (OO) is a position that can be filled if more team members
are present at a firing. The OO is responsible for reading the checklist and ensuring it is followed.
The OO is also responsible for making necessary changes to the procedure and noting any
deviations from the firing procedure.
NOTE; If only two people are present the responsibilities of the OO are passed to the FD, who
can delegate to the SO as he or she sees fit. At any point, the OO can call a cease fire.
V.

VI.

Other Members
Beyond four people, any additional personnel will be assigned jobs at the discretion of the FD as
needed. Any duty performed by any member of the firing team needs to be approved by the FD
and SO, and in the case of data collection also needs to be approved by the DR, if applicable. At
any point, any member of the firing team can call a cease fire.
Non-Team Personnel
Any person present to observe the railgun firing is considered a non-team personnel, and must
listen to any directions given by the FD, SO, or OO.
NOTE: The FD and SO must brief any non-team personnel on safety hazards and precautions
present during a test. Extra copies of the procedure must be available to be given and reviewed by
these individuals so that they are aware of all necessary steps and precautions taken to maintain
the safety of all personnel.

Present Safety Hazards
Operation of the capacitor bank and railgun presents many safety hazards that all personnel must be aware
of at all times. Given the amount of energy that can be stored and released by the system, failure to meet
safety standards can result in property damage, serious injury, and even death. Be sure to follow all
precautions and procedures in order to ensure the safety of everyone. Below are the potential hazards
present during a railgun or capacitor bank firing:
1. High energy electrical wiring
○ A railgun requires a very large amount of voltage and current in order to fire properly.
This means that when the system is turned on, there is a serious shock hazard. After the
high voltage power supply is plugged in, unless necessary for the procedure, DO NOT
touch any wiring or circuitry. Doing so can cause serious harm to both the system and
yourself. If any exposed wiring or non-shielded circuitry is found within the viewing
area, the FD and SO must stop all testing and address the problem.
2. High velocity projectiles (Not for dry fire or dummy load testing)
○ The point of the railgun is to fire a projectile at extremely high speeds. This is inherently
dangerous, but if all of the necessary steps are taken, this can be done safely. Always be
aware of nearby personnel, and ensure that the railgun has the necessary projectile
stopping mechanisms.
2
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3. Electrical grease and other chemicals
○ To ensure proper electrical connections, electrical grease and silver paste are used. These
chemicals are not corrosive or extremely hazardous, but can still cause harm if not
handled correctly. Always makes sure to keep chemicals away from the head, and wear
proper protective clothing when handling any chemicals.
4. Hearing Hazards
○ When fired, the railgun is extremely loud and can damage an unprotected eardrum. All
personnel must have ear protection to be worn during a firing procedure.

1. Pre-Setup Checklist
1.1. Brief all present personnel on duties and safety precautions, including lab manager.
1.2. Place “Intermittent High-Volume Testing” sandwich boards on walkway outside of the
propulsion lab.
1.3. Clear test cell of non-required personnel, any flammable materials, and put up Danger/Caution
tape around exposed output conductors.
1.4. Ensure that all switches on the HV power supply and control rack are in the ‘off’ position, and
that the Charge/Discharge switch is in the ‘Discharge’ position
1.5. Visually confirm that all indicator lights on Control Rack and HV Supply, and Trigger Generator
are not illuminated.
1.6. Ensure HV cables are disconnected
1.7. Check data acquisition equipment
1.8. Check backstop
1.9. INITIALS REQUIRED: Check HV gloves for cracks.
1.10. INITIALS REQUIRED: Before barrel is connected to capacitor bank output terminals, ensure
the barrel is loaded. Once the barrel is connected to the output terminals, an exclusion zone must
be enforced directly in front of the muzzle.
1.11. Ensure that the barrel is secured to the output terminals.
2. Initial setup and test of Resistor Bank
2.1. Plug in power cable between the capacitor bank and the test cell Molex connector
2.2. Ensure earth ground connection to capacitor bank is disconnected
2.3. Plug in power cable between the control rack and the Control Room Molex connector
2.4. Plug Control rack power strip into wall and turn on the power strip via the switch on the power
strip
2.5. Test the operation of the resistor fans by switching the ‘Line PWR’ switch to the ‘On’ position.
This will turn the fans on, whether the resistors are connected to the bank or not.
2.6. Test the operation of the resistor solenoids by flipping the Charge/Discharge switch to the
‘Charge’ position. They should audibly click upward, disconnecting the capacitors from the
resistor bank. Flipping the switch back down to the ‘Discharge’ position should audibly click the
solenoids back down, connecting the capacitors to the resistor bank.
2.7. Turn off the Line PWR
3
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3. Continued setup and Pressure System- R / NR
3.1. If switch is not to be pressurized, skip this section.
3.2. Ensure that all valves on the Control rack are closed
3.3. Connect PVC tube IN to the IN port on the cap bank, and on the OUT port on the Control rack
3.4. Connect PVC tube OUT to the OUT port on the cap bank, and on the VENT port on the Control
rack
3.5. Connect the compressed air tank regulator to the IN port on the Control rack.
3.6. If this is the initial test, skip down to “Continued setup”
3.6.1. Initial pressure for testing will be 0 psig
3.7. Open valve on compressed air tank, pressurizing the regulator
3.8. Open valve on regulator, pressurizing the Control rack IN valve
3.8.1. Now open the valve that pressurizes the gauge on the control rack
3.8.2. Give the gauge time to level off
3.8.3. Open the valve to pressurize the spark gap switch
3.8.4. Pressurization should be according to manufacturer’s suggested operation curve (below)

4. Continued setup and HV Power Supply
4.1. Make sure that Variac on the HV Power Supply is turned to 0 volts
4.2. Ensure that there are no shorting cables across the smoothing capacitors, or any other
obstructions within the supply
4.3. INITIALS REQUIRED: Ensure that there are no objects contacting the barrel rails except for the
capacitor bank output busbars and data acquisition equipment.
4.4. INITIALS REQUIRED: Noting the + and – cables and inserting them properly, plug HV cables
into capacitor bank. Switching these cables will permanently damage the capacitors by reverse
voltage.
4.5. Ensure fiber optic cable plugged into BNC to fiber box
4.6. INITIALS REQUIRED: Leave the room and ensure it is clear, no one should enter the room until
testing has been completed
4.7. Plug in the 120VAC power for the HV Supply
4.8. Turn on the line power to the HV Supply

Danger: Shock hazard, energized circuit.
4
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4.9. Test the HV knife switch by powering on line voltage, and switch the ‘On’ switch on and off,
visually assessing the movement of the knife switch
4.10. Ensure that the output switch is in the ‘off’ position
4.11. Plug in the 3-phase power for the HV supply
4.12. Turn breaker to ‘on’ position
4.13. At this point, the capacitors are capable of charging once the breaker is set to the ‘on’ position
Stop and check data acquisition, camera, and any other equipment being utilized during the test to
ensure that it is ready for test
5. Charging the Capacitors
5.1. On the Control Rack, turn Line Power 'On'
5.2. Flip the Charge/Discharge switch to 'Charge'
5.3. On the HV Power Supply, switch line power to 'On' and switch the output switch to 'On'
5.4. Arm the firing button.
5.5. Set “Trigger Pwr 1” switch to “On” (found on resistor bank control rack)
5.6. Don hearing protection here.
5.7. To charge the capacitors, turn on the breaker and slowly ramp up the voltage using the Variac. If
the breaker blows, turn the Variac back down to zero, and then flip the breaker back to the ‘on’
position. Then ramp the voltage up on the capacitors more slowly
5.8. One team member must watch the capacitor bank voltage readout during this process and call out
every 500 Volts
5.9. Continue to slowly increase voltage until target voltage is reached
5.10. Switch off output on the HV Power Supply. Visually confirm that the knife switch has isolated
the supply from the capacitor bank.
5.11. Turn off the HV Supply breaker.
5.12. Turn off the HV Supply power switch.
5.13. Turn the Variac down to 0V.
6. Firing Sequence
6.1. Firing Director will count down from 5, and press the fire button
6.2. Flip the Control Rack charge/discharge switch to the 'Discharge' position.
6.3. Turn off trigger power
6.4. Confirm visually that the capacitors are discharging through the resistor bank to 0V.
6.5. Disarm firing button.
7. Post Testing: Vent Switch, Discharge Capacitors, and Safe the System
7.1. On the HV Power Supply unplug both the 3 phase and the 120VAC
7.2. DISCHARGING CAPACITORS: If the capacitors must be discharged due to off-nominal
behavior, switch the charge/discharge switch to “Discharge.” The capacitors will discharge
through the resistor bank.
7.3. If switch is pressurized:
7.3.1. on the Control Rack, use the vent switch to vent the air from the switch Flip the 'Vent'
5
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valve switch open. This allows the compressed air to go through the switch and back out,
vented into the control room.
7.3.2. While the vent valve is open, turn off the supply to the regulator on the air tank
7.3.3. Turn the regulator down to zero pressure
7.3.4. Turn off the main valve to the switch
7.3.5. Turn off the Vent and Set Pressure valves
7.4. Before entering room:
7.4.1. Put on the Lineman HV gloves
7.4.2. Confirm the charge voltage on the capacitor bank is ~ 0 volts (visually)
7.4.3. Confirm the REF voltage meter is < 400V. If it is not, DO NOT ENTER ROOM
7.4.3.1. Wait until REF voltage is < 400V
While in the room:
7.5. Using the dump stick, short the capacitors to bring their voltage to 0 by touching the positive
plate inside the capacitor cart. There may be some slight arcing during this operation, this is both
SAFE and NORMAL and no damage to the capacitors will be done.
7.6. Attach grounding cable to a 120VAC power plug in test cell to ground system for service and
storage
7.7. Wait 10 seconds and then unplug the grounding cable and return cable to bank
If finished with testing or changing setup:
7.8. Disconnect HV cables from capacitor bank panel and place in 5 gal storage bucket
7.9. MAKE SURE that BOTH voltage meters are reading 0 VOLTS
7.9.1. If the REF voltage meter is reading a voltage >200V, tap the dump stick to the frame, that
will force the negative terminal of the capacitors to earth GND.
DO NO ATTEMPT AT HIGH VOLTAGE (>500 volts) DOING SO WILL PERMANENTLY
DAMAGE THE SYSTEM AND BUILDING GROUND
7.10. Exit room and remove HV gloves, the test cell is now safe
7.11. On the Control Rack, switch the Line Power switch to 'Off'. Unplug rack from the wall.
7.12. Unplug all cables running to the capacitor bank and store them properly
7.13. Disconnect dummy load if applicable, or prepare for another test by starting from the top.
7.13.1. If this is the final test, store the test equipment and put everything away. The systems are
now in their storage states.
7.14. Storing the capacitors requires that the grounding strap is connected to earth ground in the test
cell. This has already been completed in the above steps, but SHOULD NOT be disconnected for
system storage.

6
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Appendix C
INSULATION GUIDE

The following is a guide to placing insulation within the Mk. 2 barrel to eliminate
internal arcing. Basic considerations for the insulation procedure are listed here:

• All view factors between rail faces should be insulated.
• Insulation must extend the full length of all rails.
• Insulation must overlap at joints.
• Air gaps/bubbles between insulation and metal should be eliminated.
• Insulation should overhang “closeout” regions (regions at rail edges) so as to
form a sealed gasket against the bore spacers upon final assembly.

Insulation and barrel assembly begin with the placement of Rails 4 and 5 (contact
rails) along the bore spacers. All insulation is 5-mil (0.127mm) self-adhesive Kapton,
with 2” width being preferred. The insulation must be cut to size where required to
form a continuous layer between adjacent rails. A razor blade is recommended for
this task.
Insulation should begin with the wrapping of all augmentation bars in insulation,
taking care that the butt joint of the bar to the rail will not be compromised by
overhanging insulation. Figure C.1 shows the required insulation area for a set of
bars- this should be repeated for all bars.
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Figure C.1: Bar Insulation. Faces requiring insulation at this stage are
highlighted.

The insulation of Rails 4 and 5 presents the unique requirement of insulating the
rail passing through the space between the augmentation bars. An example of these
areas (two per rail, one at the muzzle, one at the breech) is shown in Figure C.2.
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Figure C.2: Rail 5 breech area insulation. Faces requiring insulation at
this stage are highlighted.

As rails are added to the assembly, the close-out regions at the edges of the rails
require special attention. ”Gasketing” the insulation so as to minimize air paths between rails is necessary. One-half of the rail assembly is mocked-up to show insulation
tabs intended to facilitate gasketing in Figure C.3. The same assembly is shown insitu in Figure C.4. The exposed terminals and threaded bores of the bars depicted
in Figures C.3 and C.4 should receive liberal applications of silver paste before the
installation of the

1
4

− 20 screws. Any excess paste should be wiped away following

assembly.
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Figure C.3: Breech area mocked-up during assembly with insulation gasket
detail.

Figure C.4: Insulation gasket detail, intermediate stage of assembly.
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Due to significant metal overhangs (in the form of the terminals at the breech and
the shunt bolt tabs at the muzzle), it is necessary to insulate the close-out areas of
Rails 1 and 8, even though it is not necessary to apply insulation to the largest faces
of these rails. This is shown in in Figure C.5 and Figure C.6. Figures C.5 and C.6
also illustrate the use of thinner (1 mil) Kapton tape to aid the thick 5 mil insulation
in conforming to the geometry of the rails.
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Figure C.5: Muzzle area with insulation wrapped around close-out.
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Figure C.6: Breech area with insulation wrapped around close-out.
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